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Abstract
This dissertation addresses perfluoroalkyl acid (PFAA) profiles in American alligators,
Mozambique tilapia, and Striped mullet in relation to various parameters including sex,
season, disease (i.e. pansteatitis), and fecundity. This dissertation hypothesizes that PFAA
are affected by sex, season, and health (pansteatitis), but conversely that PFAAs also affect
health (fecundity). To address sex and season, PFAA levels were assessed in alligator
plasma across Florida and South Carolina (n = 125, years 2012 - 2015) including an in
depth look at alligators at Merritt Island (n = 229, years 2008 – 2009). At these sites, PFAAs
revealed sex-based differences for a number of the PFAAs investigated but did not reveal
seasonality in PFAAs in alligator plasma. To address the effect of health on PFAAs, a
population of Mozambique tilapia affected by an environmentally-derived inflammatory
disease (pansteatitis) were investigated. Contrary to our hypothesis that diseased tilapia
would have higher levels of PFAAs, healthy tilapia maintained higher PFAA levels in the
liver, kidney, and plasma compared to diseased tilapia (p-value < 0.05), but despite being
contrary to the hypothesis, results still suggests health status affects PFAA profile in tilapia.
To address PFAA effect on health, PFAA levels and fecundity measures were investigated
in wild-caught, Striped mullet liver from Merritt Island to further assess if the measured
levels of PFAA could affect fecundity. Results revealed higher PFAA were not correlated
to reduced fecundity. However, changes in stages of oocyte development correlated with
changes in liver PFAAs. Of the PFAAs with significant changes by sub-stage, the
carboxylic acids (PFOA, PFNA, and PFTRiA) increased in the liver with increasing substage of oocyte development while the sulfonic acid and its precursor (PFOS and PFOSA,
respectively) decreased in the liver with increasing stage of oocyte development. This is a
unique finding and suggests PFAAs change location of compartmentalization as mullet
xvii

progress towards spawning. This results also show that in addition to PFAAs changing
with sex, and disease, PFAA profile in a wildlife species (striped mullet) also change with
oocyte development during spawning. Overall, this dissertation determines that sex, health
status, and reproductive status (oocyte development prior to spawning) are all factors that
have the potential to influence PFAA profiles in a number of wildlife species.

xviii

Chapter 1: Introduction

1

1.1.1. Endocrine disrupting chemicals
Paracelsus, a 16th century Swiss German physician and the founder of the field of
toxicology, first described dose-dependent relationships where the dose makes the poison
(Borzelleca, 2000). In other words, a higher dose causes greater harm than a lower dose of
the same chemical. Since then field of toxicology has grown, and the area of endocrine
disruptors has emerged to challenge Pasacelsus’s traditional definition of toxicology.
Endocrine disrupting chemicals (EDCs) are defined as substances that interfere with the
secretion, synthesis, binding, and/or transport of natural hormones in the body by
mimicking or antagonizing endogenous hormone receptors (Crisp et al. 1998), but unlike
the traditionally studied toxic contaminants where higher doses cause more harm,
environmentally relevant, low-level exposures to EDCs have already shown adverse
neurological, reproductive, and immune effects in animal and human studies (Damstra et
al. 2002, Zoeller et al. 2012) and have come to the forefront as a concern in worldwide
environmental health. Tracking the presence of EDCs and their potential to compromise
health is vital to the environment and human populations.
EDCs include metals and natural products such as soy and lavender (Henley and
Korach 2010), but also contain anthropogenic chemicals including but not limited to
polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PDBEs), and per- and
polyfluoroalkyl substances (PFASs). Of the many anthropogenic EDCs known to date,
PFASs are the focus of this dissertation and will be studied within the subsequent chapters.
1.1.2. PFASs structure and nomenclature
Perfluoroalkyl substances represent a group of aliphatic substances or organic chains
(branched and linear) in which all hydrogen atoms attached to the carbon backbone have
2

been substituted for a fluorine atom creating a carbon fluoride (C-F) bond, whereas
polyfluoroalkyl substances represent a closely related group of aliphatic substances in
which at least one (but not all) of the hydrogen atoms attached to the carbon backbone has
been substituted for a fluorine atom creating at least one C-F bond (Buck et al. 2011)
(Figure 1).

Figure 1. Structural examples of a perfluoroalkyl and a polyfluoroalkyl substance.

Within perfluoroalkyl substances, many PFASs are acids with functional groups,
and therefore are referred to as perfluoroalkyl acids (PFAAs). PFAAs include
perfluorinated carboxylic acids (PFCAs), perfluorinated sulfonic acids (PFSAs),
perfluorophosphonates (PFPAs), perfluoroalkyl phosphinic acids (PFPiAs), perfluoroether
carboxylic acids (PFECAs), perfluroether sulfonic acids (PFESAs) (Figure 2) (Wang et al.
2017). This dissertation will focus on PFCAs (Figure 3) and PFSAs (Figure 4) in the
subsequent chapters. Of PFCAs and PFSAs, the two most commonly studied chemicals to
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date are perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) (Buck et al.
2011).

Figure 2. “Family tree” of PFASs as represented in Wang et al. 2017, including examples
of individual PFASs and the number of peer-reviewed articles on them since 2002 (most
of the studies focused on long-chain PFCAs, PFSAs and their major precursors.) (Wang et
al. 2017).

4

Figure 3. Structural representations of the 11 perfluorinated carboxylic acids included in
the subsequent studies outlined in chapters 2-5 and they are as follows: perfluorobutyric
acid (PFBA), perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid
(PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnA),
perfluorododecanoic acid (PFDoA), perfluorotridecanoic acid (PFTriA), and
perfluorotetradecanoic acid (PFTA).
5

Figure 4. Structural representations of the three perfluorinated sulfonic acids and one
precursor included in the subsequent studies outlined in chapters 2-5 and they are as
follows: perfluorobutanesulfonic acid (PFBS), perfluorohexanesulfonic acid (PFHxS),
PFOS, and perfluorooctanesulfonamide (PFOSA).
1.1.3. Chemical properties and industrial usage
Because fluorine is the most electronegative element in the periodic table, the C-F bond is
the most stable bond in organic chemistry. This is due to a strongly polarized bond that
creates an electrostatic attraction between the bonded C and F (O'Hagan 2008). This results
in strong intermolecular forces between the bonded carbon and fluorine leaving the
intramolecular forces between fluorine atoms on separate molecules weak. These
properties create the low surface tension properties of PFAS molecules.
These strong intramolecular C-F bonds in PFAS substances provide the noted
chemical and thermal stability of PFASs that make them heavily desired in industrial and
commercial products. The low surface tension of PFASs compared to water’s high surface
tension allow for highly desirable water proofing properties. As a waterproofing layer,
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when water comes into contact with the low surface tension surface of a PFAS coated
product, water is more attracted to other water molecules than PFASs molecules and thus
pull towards other water molecules creating a shape that occupies the least amount of space
like a spherical drop. As a surfactant additive, PFASs concentrate at the liquid’s surface
where the lipophilic regions of the fluorocarbon effectively lower the surface tension of the
liquid and prevent separation and surface defects in paints and coatings.
Since their initial production in the 1950s, the use of PFASs has become widespread
as a variety of new PFAAs have steadily been introduced to the market (Renner 2006).
Today, PFASs are used in several types of commercial and industrial products such as nonstick pans, water and stain repellant surfaces, hair products, plastics, and lubricants (Betts
2007). PFASs surfactant-like qualities are also useful in paint and coatings. PFASs are even
employed in aqueous film-forming foams (AFFF) (Place and Field 2012) as a fire-fighting
material to extinguish petroleum fires. PFASs role in AFFF are also surfactant-like and
once applied, coat the surface of the burning fuel, remove contact with oxygen, and
extinguish the fire.
1.1.4. Environmental prevalence
PFASs make their way into the environment through both point and non-point sources.
Well-known point sources include waste water treatment plant sludge (Sun et al. 2011) and
the use of AFFFs around airports and other locations with petroleum fires (de Solla et al.
2012). Non-point sources are less easily defined, but can include urban run-off during high
rainfall events (Furl et al. 2011) and atmospheric deposition (Kim and Kannan 2007).
Unfortunately, the same stability that make PFASs desirable for commercial and
industrial uses also prevents degradation of PFASs in the environment. To date PFASs
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have been measured in numerous water bodies across Asia (Lam et al. 2014), Europe (Zhao
et al. 2015), Australia (Thompson et al. 2011), Africa (Mudumbi et al. 2014, Ololade 2014),
South America (Quinete et al. 2009), and North America (de Solla et al. 2012, Houtz et al.
2013, Hu et al. 2016). PFASs are also commonly measured in sediment samples (Naile et
al. 2010, Lam et al. 2014, White et al. 2015), house dust (Moriwaki et al. 2003, Kubwabo
et al. 2005, Strynar and Lindstrom 2008), and have even been measured in the polar ice
caps from atmospheric deposition (Young et al. 2007).
The presence of PFASs in the environment leads to exposure of PFASs to the
surrounding wildlife. Studies have shown measurable levels in terrestrial wildlife (Reiner
and Place 2015) and marine wildlife across the globe (Houde et al. 2011). Studies have
measured PFASs in birds (Rubarth et al. 2011), turtles (Keller et al. 2012), polar bears
(Kannan et al. 2005), and dolphins (Adams et al. 2008), to name a few. Only three studies
have investigated measurements of PFASs in crocodilian species to date (Wang et al. 2013,
Bouwman et al. 2014, Christie et al. 2016) and none of these studies included crocodilians
within North America. Secondly, of the continents heavily populated by humans, the
continent of Africa has the least amount of information known about the presence of PFASs
in wildlife.
1.1.5. Route of exposure and tissue partitioning
Major routes of uptake of PFASs into animals and wildlife are hypothesized to be through
food and water intake (Wang et al. 2010). Once consumed, PFASs tend to bioaccumulate
up food webs (Muller et al. 2011a), with marine food webs (Houde et al. 2006b) showing
the highest bioaccumulation rates. Like wildlife, humans are also at risk for exposure to
PFASs. In fact, the National Health and Nutrition Examination Survey (NHANES) in
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1999-2000 measured US human populations and found detectable levels of PFOS in all
samples analyzed (Calafat et al. 2007). Humans can be exposed through a variety of routes
including occupational exposure (Laitinen et al. 2014), drinking water (Thompson et al.
2011), food packaging (Tittlemier et al. 2007), house dust (Björklund et al. 2009), and
bioaccumulation up the food web through consumption of wildlife containing PFASs
(Haug et al. 2010).
Unlike

lipophilic

man-made

chemicals

(PCBs

and

PBDEs),

PFASs

bioaccumulation rates are not well measured by an octanol:water partition coefficient
because they are surfactants and have a carbon fluorine chain that is lipophilic and a
carbonate or sulfonic acid that is hydrophilic (Conder et al. 2008). PFASs are considered
proteinophilic and have been shown to associate with proteins such as albumin, fatty acid
binding proteins, and organic anion transporters (MacManus-Spencer et al. 2010, Ng and
Hungerbühler 2013). Of the various PFASs, longer chain PFASs tend to bioaccumulate
more than the shorter chain PFAS counterparts (Jones et al. 2003). For example,
perfluorinated substances with carbon chains longer than four carbons bioaccumulate with
the eight and nine carbon chained PFASs having the highest bioaccumulation potential.
Perfluorinated chains longer than nine also bioaccumulate but to a lesser degree compared
to the eight and nine carbon chained PFASs. Branched isomers tend to bioaccumulate less
than the linear counterparts (Benskin et al. 2009, Beesoon and Martin 2015). Perfluorinated
carbon chains containing a carboxylic acid have lower bioaccumulation than the matching
perfluorinated carbon chains containing a sulfonic acid (Conder et al. 2008). For example,
PFOS has a higher bioaccumulation potential than PFOA.
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Due to their protein affinity, PFASs are typically found at the highest concentration
in organs such as the liver, kidney, and blood. However, from species to species the
compartment with the highest burden on a wet weight basis varies. For example, in artic
foxes (Aas et al. 2014) and Baikal seals (Ishibashi et al. 2008), the liver has the highest
concentration of PFASs, where as in tilapia, the blood is the organ with the highest
concentration of PFASs (Shi et al. 2012). This is possibly due to variations in protein
abundance from organ to organ as well as proteins with high affinity for PFASs that are
yet to be defined.
Even within a species, studies have shown sex-based differences in the half-lives
of PFASs due to differences in sex hormone expression between sexes. Biological half
lives in male rats and male fathead minnow (Pimephales promelas) for PFOA are longer
than in the respective female species. Castration of male rats shortens the half-life, and
pretreatment of female fathead minnows with synthetic androgens lengthens the half-life
of PFOA (Lee et al. 2010, Kudo et al. 2001). This would suggest the elimination half-life
of POFA is partially modulated by testosterone, and testosterone’s effects on organic anion
transporter (OAT) expression levels (Kudo et al. 2002). In addition, ovariectomy increased
half-life of PFOA in female rats (Kudo et al. 2002), and a number of other PFASs revealed
sex-based differences in half-life (Kudo et al. 2001).
1.1.6. Industry phase-out and replacement PFASs
In the last decade, due to PFASs high persistence in the environment and wildlife, and more
media coverage (Betts, 2007), the industrial community underwent voluntary phase-outs
of many longer chained PFAAs including the two most commonly known PFASs (Barford
1996). PFOS was voluntarily phased out between 2000 and 2002 while PFOA was phased
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out of production by 2015 as a part of the EPA PFOA stewardship Program (Zushi et al.
2012). Unfortunately, even with the phase-out of many longer chained PFASs, several
routes exist for continued introduction of longer chain PFASs into the environment.
Precursor chemicals with non-fluorinated structural components (such as PASF-based
substances and flourotelomer-based substances (Figure 2) still in production are amenable
to biodegradation (Lee et al. 2010) into the more stable PFASs, such as PFOA and PFOS.
In addition, stockpiles of previously produced PFASs such as AFFF have yet to be utilized
and, as they age, run the risk of accidental release into the environment (Zushi et al. 2016).
Since the phase out of PFOS and PFOA, alternative and lesser studied PFASs have
been used as replacement chemicals. A switch to shorter chain PFASs has been suggested
as a favorable substitution due to their lower bioaccumulation potential in wildlife (Conder
et al. 2008, Renner 2006), and other fluorinated compounds like perfluoroalkyl ether
sulfonates (PFAES) are also employed. Two such chemicals are perfluoroalkyl ester
sulfonates that are a part of a formula known as F-53B: potassium 2-((6-chloro1,1,2,2,3,3,4,4,5,5,6,6-dodecafluorohexyl)oxy)-1,1,2,2-teterafluoroethane sulfonate (6:2
Cl-PFAES)

and

potassium

2-((8-chloro-1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-

hexadecafluoroocty)oxy)-1,1,2,2-tetrafluoroethane sulfonate (8:2 Cl-PFAES) (Figure 5).
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Figure 5. Structural representation of replacement perfluoroalkyl ester sulfonates in
formula F-53B and they are as follows: potassium 2-((6-chloro-1,1,2,2,3,3,4,4,5,5,6,6dodecafluorohexyl)oxy)-1,1,2,2-teterafluoroethane sulfonate (6:2 Cl-PFAES) and
potassium 2-((8-chloro-1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-hexadecafluoroocty)oxy)-1,1,2,2tetrafluoroethane sulfonate (8:2 Cl-PFAES).
Even newer to the scientific community than the historical PFOS and PFOA, these
PFAES are understudied, but have already been measured in matrices such as municipal
waste (Ruan et al. 2015), human sera (Pan et al. 2017), and Crucian Carp (Carassius
carassius) (Shi et al. 2015) in China. In addition, multiple top predator species in a marine
food web in Greenland were determined to have measurable levels of PFAES in their livers
(Gebbink et al. 2016). This would suggest the prevalence of the PFAES replacements are
already in a variety of countries across the globe, however, more research needs to be
undertaken to understand just how prevalent PFAES are today.
1.1.7. Modes of action
There are potentially many different adverse effects of PFASs endocrine disruption, the
class known as PFAAs are the most studied to date. Animal laboratory studies reveal a
wide range of PFAA related effects that include alterations in liver physiology, and serum
cholesterol, as well as resulting hepatomegaly, wasting syndromes, neurotoxicity,
reproductive toxicity, and immunotoxicity (Anderson et al. 2008, Stahl et al. 2011, DeWitt
et al. 2012). Many of these documented effects in laboratory animals can be explained
though interaction with peroxisome-proliferator activating receptor isoform alpha
(PPARα) which is a nuclear receptor that is ubiquitously expressed throughout the body in
mammals, amphibians and teleosts (Kota et al. 2005). Two other isoforms beta (PPARβ)
and gamma (PPARγ) are also present across tissues (Kota et al. 2005).
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Several of the PPAR isoforms are found in the reproductive tract in many species
such as the female reproductive tract in humans (Velez et al. 2013), mice (Cui et al. 2002),
teleosts (Raingeard et al. 2006, Raingeard et al. 2009), and chicken (Meng et al. 2005). The
presences of PPAR isoforms in the reproductive tract suggests endocrine disruptors that
target PPAR may be able to disrupt natural reproductive functions (Komar 2005, UrenWebster et al. 2010).
Relatively high conservation exists within PPAR receptors across species such as
the human, mouse, rat, and chicken (Diot and Douaire 1999). Even using the American
alligator genome, predicted PPARα amino acid sequences of the PPARα DNA binding
domain is also highly conserved (97.5% predicted compared to human). This high
conservation across species suggests that PFASs able to bind to one species PPAR receptor
are highly likely to bind to other species PPAR receptors causing hormone disruption
across multiple species.
Even with conservation in PPAR receptors, some caution should be taken when
investigating the effect of PFAAs as some effects have proven to be PPARα independent,
and these PPARα independent mechanisms have yet to be fully elucidated (Rosen et al.
2010). In addition, half-lives for PFAAs have been shown to vary by species and sex
(Heuvel et al. 1991, Chang et al. 2012). This may be attributable to changes in protein type
and abundance from species to species (Han et al. 2012). Other investigated PFAAsexposed species such as dolphins, birds, and crocodilians have shown difference in
biotransformation of certain PFAAs (Galatius et al. 2013). Overall, as a class of
contaminants, the mechanisms by which these compounds impact physiological processes
are still being elucidated.
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1.1.8. Species under study
The importance of human studies are paramount, but science has also shown the
importance of not only model species such as mice (Diamanti-Kandarakis et al. 2009), but
also non-model, sentinel species such as a variety of species of dolphins (Bossart 2006),
mink (Mustela vison) (Basu et al. 2007), and fat head minnow (Pimephales promelas)
(Orlando et al. 2004) in research involving EDCs. Like these sentinel species, the American
alligator (alligator mississippiensis) is also an excellent sentinel species for study for a
number of reasons: 1.) Unlike mice and rats, the American alligator is a long-lived top
predator species similar to humans living an estimated 70 or more years (Wilkinson et al.
2016); 2.) The American alligator lives in waterways where anthropogenic run-off
accumulates; 3.) American alligators stay within a select territory, maintaining a high site
fidelity (Wikinson et al. 2010), and the chemicals in their system are a good representation
of the chemicals present in their immediate surrounding environment; and 4.) Finally,
alligators are present in high numbers across the Southeastern U.S. Therefore, the
American alligator will be used in the subsequent chapters to establish spatial and possible
seasonal variation in PFAAs in the Southeastern US.
Several fish species have also been used as sentinel species for EDCs in the
environment (Ferreira et al. 2004, Orlando et al. 2004), and can be used for more in depth
look at the effects of EDCs compared to long-lived wildlife like the American alligator.
Fish represent great sentinel species for several reasons, they are more abundant than larger
predators, they live in water ways where anthropogenic chemicals are found, and they are
also a food source for many species including the American alligator and humans.
Therefore, this dissertation will focus not only on the American alligator, but also several

14

fish species, Mozambique tilapia (Oreochromis mossambicus) and Striped mullet (Mugil
cephalus) to look at the effect of health on PFAA levels in an organism and potential
fecundity effects of PFAAs in a wildlife population, respectively.
Mozambique tilapia located at Loskop Dam, South Africa represent an ideal
sentinel species for the investigations into the effect of health status on PFAA distribution
throughout the body. Not only are tilapia affected by this outbreak, but tilapia are consumed
by humans and crocodiles in the regions around Loskop Dam.
Exposure to PFAAs is unlikely to be solely responsible for these out-breaks, as the
levels of PFAAs observed in crocodile plasma in Mpumalanga (Christie et al., 2016) have
been observed in crocodilians in other areas of the world where pansteatitis outbreaks have
not been recorded (Bangma et al., 2017a). However, it is possible that the health status (i.e.,
pathological condition) of tilapia may be influencing PFAA burden in pansteatitis-affected
fish in some manner. Previously, wildlife studies investigating health status and PFAAs
have found associations between various pathological conditions and PFAAs in sea otters
and other marine mammals (Kannan et al., 2006, Van de Vijver et al., 2003), but no studies
to date have investigated similar possibilities in non-mammalian species. The tilapia
population at Loskop Dam offers a unique opportunity to not only examine tissue
distribution in fish, but also to begin to investigate PFAA burden in relation to health status
(pathological condition).
The Striped mullet represents an ideal sentinel species for fecundity studies for
several reasons: Striped mullet is a locally abundant marine species off the coast of the
southeastern US that is consumed by alligators and local fishermen alike. Striped mullet
also reach maturity within several years and are also one of the few species that undergo
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isochronal spawning (McDonough 2003, McDonough 2005). These qualities ensure both
a minimal effect of sampling on a wild population and highly accurate fecundity
measurements.
Studies have shown PPARα is expressed in grey mullet (Chelon labrosus) gonad
tissue (Raingeard et al., 2006), and potential PPAR independent mechanisms for changes
in fecundity and fertility in teleosts have begun to be investigated. Changes in liver
histology has been recorded in both male and female zebra fish exposed to PFOS (Cui et
al., 2017), as well as changes in expression of vitellogenic genes recorded in tilapia
hepatocytes (Liu et al., 2007) as well as zebra fish (Brachydanio rerio) livers (Cheng et al.,
2012). In the case of the tilapia hepatocytes, the changes in expression of vitellogenic genes
depended upon co-exposures with estrogen. While most of these studies have been
conducted in a controlled laboratory setting, it is possible PFOS and other PFAAs may
impact or change a female teleost’s fecundity through impacts on the liver and gonad in
the wild as well.
1.1.9. PFAAs Methodology
Measurements of EDCs (such as PFAAs) in environmental matrices, whether biotic
(plasma, fat, muscle), or abiotic (water, sediment), require extraction, separation, detection,
and quantification. Currently, the most common method for EDC analytical analysis is
tandem mass spectrometry with prior separation of EDC components via gas or liquid
chromatography (i.e., GC-MS/MS or LC-MS/MS, respectively).
1.1.9.1. Extraction
PFAAs can be extracted from a variety of matrices whether biotic (plasma, muscles,
spleen, fat etc.) or abiotic (sediment, air, soil, water, etc.) and extraction methods are
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tailored to the matrix of interest. The subsequent chapters focus on extraction of PFAAs in
biotic matrices.
Commonly employed extraction methods of PFAAs from biotic matrices involve
the use of solvents that maintain water solubility due to the slightly polar nature of the
solvent. In the subsequent studies, solvents employed for extraction are methanol and
acetonitrile. Both of these solvents are successful in solubilizing PFAAs due to the ability
of their polar nature solubilizing the acid groups at the end of the long-fluorinated carbon
chains. Methanol and acetonitrile also both result in proteins crashing out of solution
leaving the PFAAs in the supernatant. Acetonitrile is used for the extraction of plasma due
to high extraction efficiencies (Reiner et al. 2011b); however, methanol with 0.01 M
potassium hydroxide (KOH) is used for solid tissues (liver, muscle, spleen, etc.). For these
tissues, the addition of KOH to methanol allows for more digestion and extraction of
PFAAs from the tissue under study (Reiner et al. 2011a).
With the PFAAs in the supernatant, samples are prepared for clean up through solid
phase extraction (SPE). A common form of SPE for PFAAs involves graphitized carbon
cartridges. The graphitized carbon is used because the carbon binds to the impurities and
compounds of interest still remaining in the supernatant. Subsequent rinsing and elution
steps with methanol releases the bound compounds of interest (PFAAs) because they are
soluble in methanol from the SPE column which can be collected for further analysis.
Impurities remain in the activated carbon cartridge and thus are removed from subsequent
steps (Figure 6).
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Figure 6. Clean up steps using solid phase extraction (SPE) with graphitized carbon for
the isolation of PFAAs.
1.1.9.2. Analytical separation
While gas chromatography offers higher efficiency of chromatographic separation
compared to liquid chromatography, liquid chromatography is more widely used for the
separation of PFAAs due to the limited volatility of many PFAAs. The two classes of
PFAAs investigated in the subsequent chapters are studied using liquid chromatography
tandem mass spectrometry (LC-MS/MS).
Liquid chromatography capitalizes upon the chemical properties of two phases: a
stationary phase and a mobile phase. The stationary phase is packed into a column and the
mobile phase flows through the column with sample extracts on its way to the mass
spectrometer. Components in the samples are separated in the column based on each
components affinity for the mobile phase and stationary phase. Molecules with stronger
affinity for the stationary phase will travel along the column faster than molecules with less
18

affinity for the stationary phase. Molecules of the same compound will travel through the
column at the same rate and thus be separated into distinct bands from various other
molecules in the sample.

Figure 7. Separation in time of component PFAAs in a chromatography column by liquid
chromatography.
For the separation of PFAAs in subsequent chapters, the mobile phase consists of
two polar solvents (methanol and water) and the stationary phase is non-polar C18. This is
known as reverse phase chromatography and results in more polar molecules eluting off
the column first. In the following chapters, the two mobile phases undergo a solvent
ramping gradient starting with 50% water 50% methanol and increases to 25% water and
75% methanol throughout the chromatographic run. Ramping the solvent here allows for
better chromatographic separation since many PFAAs under study are similar in structure.
Once eluted from the column, the separated chemicals are sent to the mass spectrometer.
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1.1.9.3. Detection
Once separated, the PFAAs make their way to the triple quadrupole mass
spectrometer. Prior to mass analysis, the molecules must be ionized for detection. This is
accomplished through electrospray ionization (ESI). ESI takes the mobile phase with the
analytes and produces an aerosol with the application of heat and a high voltage creating
singly charged ions. The success of ionization of PFAAs in the aerosol is increased using
20 mMol ammonium acetate in the mobile phase that serves as a volatile ionization buffer.
Of the various types of ionization techniques, ESI is considered a soft ionization technique
due to minimal fragmentation of the particles prior to entrance into the triple quadrupole
mass spectrometer (Ho et al. 2003).
After undergoing ESI, the analytes are now ionized and in a gas phase and travel
into the triple quadrupole mass spectrometer. Upon entrance into the first quadrupole,
ionized molecules are acted upon by four parallel cylindrical metal rods. Through the use
of direct current (dc) and radio frequency (rf) potential, the first quadruple selects a particle
of specified mass to charge (m/z). This selected ion then continues into the second
quadrupole which serves as a collision cell to break up the selected ion. For this
dissertation, nitrogen gas is used to collide and fragment the selected ion. These fragments
then travel through the third quadrupole and, like in the first quadrupole, a m/z is selected
(Figure 8). This precursor mass in the first quadrupole and fragment mass in the third
quadrupole is known as a single MRM transition. In the following chapters for each PFAA
under study, two MRM transitions are measured to ensure no interfering molecules are
being included in analysis. For example, in many biological matrices, bile salts will have
one transition that is the same as PFOS. By measuring the second transition, the PFOS
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peaks can be identified from the bile salt peaks and separate them out prior to quantification
of PFOS.

Figure 8. Schematic of the principles of tandem mass spectrometry.

1.1.10. Overarching hypotheses
Armed with an extensive foundation of knowledge from the literature and strong analytical
methods, this dissertation addresses perfluoroalkyl acid (PFAA) profiles in American
alligators, Mozambique tilapia, and Striped mullet in relation to various parameters
including sex, season, disease (i.e. pansteatitis), and fecundity. Overall, this dissertation
hypothesizes that PFAA are affected by sex, season, and health (pansteatitis), but
conversely that PFAAs also affect health (fecundity). Our hypotheses for the following
chapters are:
1. PFAAs in American alligators will show site based and sex-based differences
across the sites in SC and FL.
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2. PFAA levels in alligator plasma vary seasonally and PFAAs are higher in plasma
during summer months.
3. Diseased (pansteatitis-affected) tilapia have greater concentrations of PFAAs
compared to healthy tilapia.
4. Striped mullet with greater levels of PFAAs will have lower fecundity.
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2.1. Introduction
Despite being manufactured for over 50 years (Renner 2006), it was not until 2000 that the
class of chemicals known as perfluoroalkyl acids (PFAAs) entered the scientific spotlight
as a major environmental contaminant of concern (Betts 2007). The two most commonly
known PFAAs, perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA),
were first produced by 3M in 1948 and 1947 (Renner 2006), respectively, the latter of
which was subsequently purchased by DuPont in 1951 (Paustenbach et al. 2006). A variety
of new PFAAs have steadily been introduced to the market since the introduction of these
first PFAAs. Structurally, PFAAs can widely vary, but as a whole, they typically consist
of carbon chains of varying length (linear and branched isomers), an acid functional group,
and hydrogen atoms substituted with fluorine atoms Buck et al. 2011). The carbon-fluorine
bonds are the unique feature of PFAAs and provide chemical and thermal stability (Moody
and Field 2012). Two well-studied families of PFAAs are carboxylic acids and sulfonic
acids Betts 2007, Houde et al. 2011).
The usage of PFAAs has become widespread since the introduction of these
chemicals in the 1940s, largely because they exhibit unique surfactant properties that make
them attractive components for many consumer-related products, such as non-stick pans,
water repellant surfaces, hair products, plastics, and lubricants (Betts 2007), as well as
firefighting products known as aqueous film-forming foams (AFFF) (Place and Field
2012). Active manufacturing and use of certain PFAAs, like PFOS and PFOA, have largely
ceased owing to a voluntary phase-out by industry. Current production of fluorinated
chemicals includes shorter chained carboxylic and sulfonic acid substitutes, like
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perfluorobutanesulfonic acid (PFBS) and perfluorobutyric acid (PFBA) (Ritter 2015). In
addition, precursor chemicals that have a non-fluorinated structural component attached to
a perfluorinated chain may be amenable to microbial or chemical transformation and have
the potential to degrade into perfluorinated carboxylic and sulfonic acids over time (Houtz
et al. 2013).
The same properties that make PFAAs commercially valuable (e.g. the highly
stable carbon fluorine bonds) also enable them to persist in the environment by resisting
chemical, microbial, and photolytic degradation. However, unlike the more lipophilic
environmental contaminants such as organochlorine pesticides (OCPs), polychlorinated
biphenyls (PCBs) and brominated flame retardants (PBDEs) that are sequestered in adipose
tissue, PFAAs accumulate in the blood and blood-rich organs, such as the liver (heuvel et
al. 1991, Ishibashi et al. 2008). Conversely, like OCPs, PCBs, and PBDEs, PFAAs have
also been shown to bioaccumulate and biomagnify in food webs (Houde et al. 2011).
Increasing PFAA chain length has been shown to correlate with an increasing ability to
bioaccumulate (Rotander et al. 2012), and the greatest PFAA concentrations detected in
wildlife have been in species occupying high trophic positions (Giesy and Kannan 2001).
Because PFAAs are bioaccumulative and often observed in higher concentrations in fisheating marine species (Giesy and Kannan 2001), humans who consume more fish in their
diet may be at higher risk of PFAA exposure than those who consume less fish (Christensen
et al. 2015).
Animal studies reveal a wide range of PFAA-related effects that include alterations
in liver physiology and serum cholesterol, as well as resulting hepatomegaly, wasting
syndromes, neurotoxicity, immunotoxicity (DeWitt et al. 2012, Anderson et al. 2008). In
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addition, PFAAs have also been mentioned as possible obesogens due to their interaction
with peroxisome proliferator activated receptors (PPAR) receptors (Grün and Blumberg
2009). However, although species-specific variations in PFAA excretion rates have been
observed (Betts 2007), the actual mechanism(s) of action of PFAA toxicity is not well
understood across species.
Few reports exist on PFAA distribution and body burden in North American
wildlife, and studies of PFAAs in wild reptiles and amphibians have been limited almost
exclusively to frogs and sea turtles (Reiner and Place 2015). Globally, only three studies
have examined PFAAs in crocodilians (Bouwman et al. 2014, Wang et al. 2013, Chrisite
et al. 2016). Because of their high trophic status, long life span, and high site fidelity,
crocodilians are attractive study species for ecotoxicological investigations, particularly
those involving exposure and accumulation of persistent environmental contaminants
(Hamlin et al. 2011, Parrott et al. 2014, Nilsen et al. 2016). As such, studies examining
PFAAs in crocodilians can provide insight into exposure and potential effects in focal
species as well as identify potential hot spots of PFAA contamination.
The hypothesis addressed in this chapter is: PFAAs in American alligators will
show site based and sex-based differences across the sites in SC and FL. To accomplish
this, PFAA concentrations in plasma of wild American alligators (Alligator
mississippiensis) are examined from 12 sites in Florida and South Carolina (Figure 9).
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Figure 9. Map showing the 12 sites from which American alligators (Alligator
mississippiensis) were sampled in this study (n = 125) during the years 2012 – 2015.
Collection sites are listed in decreasing latitude.
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2.2. Materials and methods
2.2.1. Study area
American alligator plasma samples (n = 125) were collected between 2012 and 2015, as
part of multiple ongoing projects examining the biology and ecotoxicology of alligators in
Florida and South Carolina (Hamlin et al. 2011, Parrott et al. 2014, Nilsen et al. 2016). In
South Carolina, alligator blood samples were collected from the following sites (in order
of North to South): Tom Yawkey Wildlife Center (YK, n = 10), Kiawah Island (KA, n
=10), and Bear Island Wildlife Management Area (BI, n = 10) (Figure 9). In Florida,
samples were collected from the following sites (in order from North to South): Lochloosa
Lake (LO, n = 10), Lake Woodruff (WO, n = 10), Lake Apopka (AP, n = 10), Merritt Island
National Wildlife Refuge (MI, n = 15), St. John River (JR, n = 10), Lake Kissimmee (KS,
n = 10), Lake Trafford (TR, n =10), Everglades Water Conservation Area 2A (2A, n = 10),
and Everglades Water Conservation Area 3A (3A, n = 10) (Figure 9Error! Reference
source not found.).
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YK
KA
BI
LO
WO
AP
MI
JR
KS
TR
2A
3A

Kiawah Island

Bear Island Wildlife Management Area

Lochloosa Lake

Lake Woodruff

Lake Apopka

Merritt Island National Wildlife Refuge

St. Johns River

Lake Kissimmee

Lake Trafford

Water Conservation Area 2A

Water Conservation Area 3A

Abbreviation

Tom Yawkey Wildlife Center

Sampling Location

FL

FL

FL

FL

FL

FL

FL

FL

FL

SC

SC

SC

State

Table 1. American alligator plasma sampling site descriptions.

Inland

Inland

Inland

Inland

Inland

Coastal

Inland

Inland

Inland

Coastal

Coastal

Costal

Coastal vs Inland

26.215

26.319

26.436

27.905

28.196

28.523

28.614

29.107

29.496

32.364

32.363

33.107

⁰N

80.689

80.523

81.499

81.222

80.820

80.682

81.634

81.404

82.152

80.264

80.045

79.132

⁰W

2012

2012

2012

2012

2012

2011-2014

2014

2014

2012

2014

2015

2014

Year(s)
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2.2.2. Sample collection
Immediately following capture of the alligator, a blood sample was collected from the postoccipital sinus of the spinal vein of each animal using a sterile needle and syringe (Hamlin
et al. 2011, Parrott et al. 2014, Nilsen et al. 2016). Whole blood samples were then
transferred to 8 mL lithium-heparin Vacutainer blood collection tubes (BD), stored on ice
in the field, and later centrifuged at 2500 rpm at 4 °C for 10 min to obtain plasma, which
was stored at -80 °C until analysis. Snout-vent length (SVL) was measured for each animal
as a proxy for size, and sex was determined by cloacal examination of the genitalia
(Allsteadt and Lang 1995).
The National Institute of Standards and Technology (NIST) Standard Reference
Materials (SRM) 1958 Organic Contaminants in Fortified Human Serum was used as a
control material during PFAA analysis. The freeze-dried human serum SRM 1958 was
reconstituted with deioinized water according to the instructions on the Certificates of
Analysis (www.nist.gov/srm/) and analyzed alongside collected alligator plasma.
2.2.3. Chemicals
Calibration solutions were created by combining two solutions produced by the NIST
Reference Materials (RMs) 8446 Perfluorinated Carboxylic Acids and Perfluorooctane
Sulfonamide in Methanol and RM 8447 Perfluorinated Sulfonic Acids in Methanol.
Together, the solution contained 15 PFAAs as follows: PFBA, PFPeA, PFHxA, PFHpA,
PFOA, PFNA, PFDA, PFUnA, PFDoA, PFTriA, PFTA, PFBS, PFHxS, PFOS, and
PFOSA.
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Internal standards (IS) were purchased from Cambridge Isotope Laboratories, RTI
International, and Wellington Laboratories to create an internal standard (IS) mixture
comprised of 11 isotopically labeled PFAAs, and they were as follows: 13C4-PFBA, 13C2PFHxA,
18

13

C8-PFOA,

13

C9-PFNA,

13

C9-PFDA,

13

C2-PFUnA,

13

C2-PFDoA,

18

O2-PFBS,

O2-PFHxS, 13C4-PFOS, and 18O2-PFOSA.

2.2.4. Sample preparation
Samples were extracted using a method previously described by Reiner et al. Reiner et al.
2011). Approximately 1 mL of each alligator plasma sample and SRM 1958 aliquots were
thawed and gravimetrically weighed. All samples were then spiked with the IS mixture
(approximately 600 µL) and gravimetrically weighed. After brief vortex-mixing and 90
min of equilibration at room temperature, 4 mL of acetonitrile were used to extract the
PFAAs from each sample. After sonication and centrifugation, the supernatant was
removed from all samples. The collected supernatant was then solvent exchanged to
methanol and further purified using an ENVI-Carb solid phase extraction cartridge
(Supelco). Resulting extracts were evaporated to 1 mL using nitrogen gas prior to being
analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Samples were analyzed using an Agilent 1100 HPLC system coupled to an Applied
Biosystems API 4000 triple quadrupole mass spectrometer (Applied Biosystems) with
electrospray ionization in negative mode. Samples were examined by LC using an Agilent
Zorbax Eclipse Plus C18 analytical column (2.1 mm x 150 mm x 5µm). A ramping LC
solvent gradient was employed using methanol and de-ionized water both containing 20
mmol/L ammonium acetate (Reiner et al. 2011). Two multiple reaction monitoring (MRM)
transitions for each PFAA were monitored to ensure no interferences with measurements,
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one MRM was employed for quantitation and the other one was used for confirmation
(Reiner et al. 2011).
2.2.5. Quality control
All alligator plasma samples were processed alongside quality control material NIST SRM
1958 to determine the accuracy and precision of the method. The PFAA levels of SRM
1958, processed during extraction, had to be within the 95 % confidence interval as
reported on the Certificate of Analysis (CoA). All samples were also processed alongside
blanks to assess any background contamination that might be present in the laboratory or
a result from the extraction method. Compounds were considered to be above the reporting
limit (RL) if the mass of an analyte in the sample was greater than the mean plus three
standard deviations of all blanks.
2.2.6. Statistical methods
All statistical analyses were performed using IBM SPSS statistic 22 (IBM Corp). Statistical
tests were performed for the compounds detected in greater than 75 % of the samples:
PFNA, PFDA, PFUnA, PFDoA, PFTriA, PFTA, PFHxS, and PFOS. Unlike previous
environmental studies, where PFOA is the second highest concentration PFAA measured,
PFOA was detected at much lower frequency (detected in only 65 % of the samples
analyzed). With a full one third of PFOA measurements falling below the limit of detection
(LOD), PFOA was excluded from statistical analysis along with the remaining chemicals
(PFHpA, PFHxA, PFPeA, PFBS, and PFBA) which were detected in less than 2 % of the
samples. For those PFAAs included in statistical analysis, compounds less than the LOD
were set equal to half the LOD prior to running the statistical tests (Keller et al. 2005).
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Sex-based differences of PFAAs in Florida and South Carolina were investigated
using univariate analysis of variance with log normally distributed concentration values,
and a Friedman’s test was used for the PFAAs with non-normally distributed concentration
values. Site was set as the nuisance factor, sex as the treatment, and PFAA concentration
as the dependent variable. These tests simulated a randomized block design for the
collected data. Other parametric tests employed for data analysis of sex-based differences,
on a site-by-site basis and analysis of site differences for PFAA levels included a t-test and
one-way ANOVA when data were normal or log-normal and Friedman rank test, MannWhitney U test and Kruskal Wallis test when data remained non-normal following log
transformation. Pearson correlation and Spearman correlation were used when applicable
for correlative measures.

2.3. Results and discussion
In this study, 125 plasma samples were collected from alligators at multiple sites in Florida
and South Carolina to examine PFAA concentrations in animals from different localities.
Of the 15 PFAAs included in the analysis, all samples contained at least six PFAAs. The
following 5 PFAAs were detected in every plasma sample analyzed (in order of highest
median concentration to lowest median concentration, among all sites): PFOS (median 11.2
ng/g, range 1.36–452 ng/g), PFUnA (median 1.58 ng/g, range 0.314–18.4 ng/g), PFDA
(median 1.20 ng/g, range 0.169–15.1 ng/g), PFNA (median 0.528 ng/g, range 0.155–1.40
ng/g), and PFHxS (median 0.288 ng/g, range 0.057–23.3 ng/g) (Table 3). PFDoA, PFTriA,
PFTA, and PFOA were also detected frequently in alligator plasma samples (over 96 %,
94 %, 75 %, and 65 %, respectively): PFDoA (median 0.363 ng/g, range <0.009–7.27
ng/g), PFTriA (median 0.416 ng/g, range <0.026–2.60 ng/g), PFTA (median 0.050 ng/g,
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range <0.008–1.38 ng/g), and PFOA (median 0.064 ng/g, range <0.008–0.412 ng/g) (Table
3). The nine PFAAs commonly measured over the LOD resulted in unique fingerprints for
each site (Figure 10), which are discussed in the Site differences section of this manuscript.
The shorter chain PFAAs (PFHpA, PFHxA, PFPeA, PFBS, and PFBA) were detected
infrequently (< 2 % of the samples) and therefore were not included in any statistical
analysis.
2.3.1. Sex differences
As a whole across all sites, male alligators exhibited significantly higher concentrations of
several PFAAs in plasma compared to females as a group: PFOS (p = 0.01,), PFDA (p =
0.0003), PFUnA (p = 0.021), and PFTriA (p = 0.021) (Figure 11). However, at some
individual sites, PFAA concentrations were significantly higher in females (e.g., PFOS at
AP, PFUnA at KA). This may be an artifact related to the small sampling size of five males
and five females at each location.

34

Table 3. Alligator perfluoroalkyl acid plasma concentrations (ng/g wet mass) at 12 sites
from Florida and South Carolina, USA.

PFOA
PFNA
PFDA
PFUnA
PFDoA
PFTriA
PFTA
PFHxS
PFOS

PFOA
PFNA
PFDA
PFUnA
PFDoA
PFTriA
PFTA
PFHxS
PFOS

PFOA
PFNA
PFDA
PFUnA
PFDoA
PFTriA
PFTA
PFHxS
PFOS

Yawkey (YK)
n = 10
n > RLa
Range
Median
<0.008b-0.193
0.050
4
0.272-1.32
0.620
10
2.27-15.1
5.88
10
1.89-18.4
6.25
10
0.362-3.45
1.01
10
<0.070b-1.85
0.646
8
<0.082b-0.774
0.241
7
0.099-0.566
0.353
10
4.50-57.0
20.2
10
Lochloosa Lake (LO)
n = 10
n > RLa
Range
Median
<0.008b-0.132
0.071
9
0.328-1.19
0.676
10
0.238-1.00
0.615
10
0.580-1.56
1.03
10
0.105-0.309
0.182
10
0.181-0.580
0.309
10
<0.008b-0.060
0.018
7
0.069-0.201
0.093
10
2.19-6.16
4.21
10
Merrit Island (MI)
n = 15
n > RLa
Range
Median
b
<0.096 -0.412
0.155
7
0.298-1.10
0.611
15
0.395-3.50
1.02
15
0.844-5.45
1.82
15
<0.543b-1.07
0.418
14
b
<0.026 -1.42
0.654
14
<0.080b-0.257
0.076
6
0.684-23.3
3.83
15
38.6-452
99.5
15
Lake Trafford (TR)
n = 10
n > RLa
Range
Median

PFOA
0.021-0.117
0.239-0.936
PFNA
0.275-2.05
PFDA
0.463-2.19
PFUnA
PFDoA 0.073-0.737
PFTriA 0.111-0.528
PFTA <0.008b-0.096
PFHxS 0.071-0.320
4.21-14.3
PFOS

Kiawah Island (KA)
n = 10
n > RLa
Range
Median
0.028-0.298
0.126
10
0.446-1.38
1.19
10
3.72-13.6
6.26
10
1.87-7.53
3.93
10
1.32-7.27
3.05
10
0.420-2.60
0.919
10
0.198-1.38
0.476
10
0.313-1.86
0.620
10
38.4-98.2
55.8
10
Lake Woodruff (WO)
n = 10
n > RLa
Range
Median
<0.097b-0.184
0.062
5
0.282-1.34
0.578
10
0.350-5.06
2.01
10
0.633-3.33
1.43
10
<0.166b-0.810
0.317
9
<0.070b-0.854
0.259
8
<0.008b-0.146
0.029
4
0.130-0.623
0.445
10
5.89-41.2
16.0
10
St. Johns River (JR)
n = 10
n > RLa
Range
Median
0.010-0.160
0.080
10
0.250-1.04
0.471
10
0.492-1.72
1.17
10
0.655-2.20
1.28
10
0.156-0.591
0.362
10
0.173-0.739
0.267
10
<0.008b-0.131
0.022
8
0.100-0.308
0.166
10
3.41-10.2
7.13
10
WCA-2A (2A)
n = 10
n > RLa
Range
Median

Bear Island (BI)
n = 10
a
Range
Median n > RL
<0.008b-0.193 < 0.100
3
0.155-1.14
0.472
10
0.998-3.21
1.57
10
1.05-5.02
2.32
10
0.231-1.88
0.559
10
<0.070b-1.83
0.674
9
<0.081b-0.733
0.095
7
0.077-0.824
0.304
10
10.0-44.9
19.5
10
Lake Apopka (AP)
n = 10
a
Range
Median n > RL
<0.096b-0.152
0.126
7
0.251-1.40
0.648
10
0.169-2.44
1.12
10
0.614-3.39
1.65
10
<0.157b-0.831
0.315
9
0.189-1.00
0.450
10
<0.080b-0.194
0.049
7
0.166-0.449
0.332
10
1.98-15.8
11.4
10
Lake Kissimmee (KS)
n = 10
a
Range
Median n > RL
b
<0.008 -0.142
0.104
9
0.275-1.18
0.642
10
0.417-3.15
1.26
10
0.314-2.47
1.03
10
<0.009b-0.382
0.147
9
0.122-0.677
0.251
10
<0.009b-0.104
0.025
9
0.338-1.50
0.505
10
6.51-25.1
12.2
10
WCA-3A (3A)
n = 10
a
Range
Median n > RL

0.091
0.484
0.885
0.953
0.210
0.304

10
10
10
10
10
10

<0.008b-0.077
0.189-0.382
0.641-2.26
0.958-3.15
0.277-0.949
0.232-0.702

0.036
0.234
0.900
1.43
0.392
0.370

2
10
10
10
10
10

<0.008b-0.042
0.172-0.388
0.406-1.46
0.719-2.48
0.172-0.631
0.162-0.594

0.033
0.301
0.912
1.45
0.371
0.280

6
10
10
10
10
10

0.039
0.119
7.82

9
10
10

0.031-0.188
0.080-0.172
1.36-6.23

0.109
0.112
2.65

10
10
10

0.011-0.148
0.057-0.303
1.57-4.71

0.042
0.105
3.81

10
10
10

35

Figure 10. Site PFAA fingerprint for (A) male and (B) female American alligators
(Alligator mississippiensis) sampled in Florida and South Carolina.
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Figure 11. Mean (±SD) concentrations (ng/g) of (A) PFDA (p = 0.0003), (B) PFUnA (p =
0.021), and (C) PFTriA (p = 0.021) in plasma of American alligators (Alligator
mississippiensis) sampled at multiple sites in Florida and South Carolina.
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In a population of captive Chinese alligators (Alligator sinensis), Wang et al. 2013
found the highest PFAA concentrations in serum to be that of PFUnA rather than PFOS,
the PFAA with the highest concentrations in this study. However, similar to this study,
male Chinese alligators contained significantly higher concentrations of PFOS and PFUnA
compared to females. Wang et al. (Christie et al. 2016) did not find a sex-based difference
for PFDA in Chinese alligators. Christie et al. did not find any sex-based differences in
their population of Nile crocodiles (Crocodylus niloticus) in South Africa (Chrisite et al.
2016). It is possible that sex-based differences observed for certain PFAAs in alligators is
due to a differential clearance of these contaminants between males and females, as has
been observed in rats (Kudo et al. 2001), mice (Gannon et al. 2011), and other mammals
(Han et al. 2012). It is also possible females may offload PFAAs during oviposition,
reducing their PFAA body burden compared to males at the same locality. This possibility
is supported by studies reporting measurable concentrations of PFAAs in eggs of herring
gulls (Larus argentatus) (Gebbink et al. 2010) and Nile crocodiles (Bouwman et al. 2014),
confirming maternal transfer of PFAAs in oviparous species. Sex-specific differences in
PFAA concentrations may also be the result of differential habitat use by adult males and
females, a phenomenon common among crocodilians (Joanen and McNease 1970, Joanen
and McNease 1972, Hutton 1989). In such cases, differences in prey availability and
contamination between and among habitats within a site could result in different PFAA
exposures in males and females.
Because no sex-specific differences in PFOA, PFNA, PFHxS, PFDoA, and PFTA
concentrations were observed as a whole (all sites combined), sex-based differences were
examined on a site-by-site basis (Table 4). Overall, only a few sites exhibited sex-based
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differences for these five PFAAs (Figure 12). At LO, male alligators had significantly
higher PFNA (p = 0.016), PFTA (p = 0.032), and PFDoA (p = 0.032) plasma concentrations
compared to females, and at MI males had significantly higher PFOA (p = 0.047) plasma
concentrations than females. Interestingly, PFHxS was the only PFAA for which females
exhibited significantly higher plasma concentrations (YK, p = 0.008, TR, p = 0.008) when
compared to males (Figure 12). It is important to note the examination of sex-based
differences in PFAA concentrations here may have been influenced by small samples sizes,
as in almost all cases only five males and five females were sampled per site, but this
current study would suggest sex-based differences for PFOA, PFNA, PFHxS, PFDoA, and
PFTA are not likely in the American alligators inhabiting SC and FL.
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Table 4. Sex-based differences by site investigated on a site-by-site basis for PFOA,
PFNA, PFDoA, PFTA, and PFHxS concentrations (log; ng/g) in plasma from American
alligators (Alligator mississippiensis) sampled at multiple sites in Florida and South
Carolina.

Site

PFOA

PFNA

PFDoA

PFTA

PFHxS

YK

0.597

0.267

0.917

0.354

0.009b

KA

0.251

0.228

0.602

0.208

0.465

BI

0.675

0.888

0.175

0.584

0.602

LO

0.175

0.008b

0.028a

0.016a

0.175

WO

0.341

0.866

0.251

0.259

0.347

AP

0.753

0.652

0.917

0.625

0.175

MI

0.047

a

0.365

0.111

0.637

0.903

JR

0.753

0.752

0.347

0.583

0.076

KS

0.117

0.810

0.251

0.222

0.076

TR

0.463

0.050a

0.117

0.141

0.009b

2A

0.142

0.091

0.175

0.97

0.465

3A

0.465

0.853

0.465

0.402

0.175

Bold indicates significant correlation coefficients.
a
Correlation is significant at the 0.05 level (2-tailed).
b
Correlation is significant at the 0.01 level (2-tailed).
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Figure 12. Significant (p < 0.05) site- and sex-based differences in mean (±SD)
concentrations of PFNA, PFTA, PFHxS, PFTA, and PFDoA in plasma of American
alligators (Alligator mississippiensis) sampled at multiple sites in Florida and South
Carolina: (A) Lochloosa Lake (LO) had three PFAAs that showed sex-based differences:
PFNA (p = 0.016), PFTA (p = 0.032), and PFDoA (p = 0.032), (B) the Merritt Island
National Wildlife Refuge (MI) site showed sex-based difference in PFOA burden (p =
0.047), and (C) Lake Trafford (TR) showed sex-based differences for PFHxS (p= 0.008),
(D) Yawkey (YK) also showed sex-based differences for PFHxS (p = 0.008), and (E) Lake
Trafford (TR) showed sex based-differences in PFNA (p = 0.050). Median and interquartile
ranges (error bars) represented in (A) – (E).
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2.3.2. Site differences
Because sex-based differences in PFAA concentrations were observed among alligator
plasma samples for PFOS, PFDA, PFUnA, and PFTriA, site differences were determined
separately for males and females. The PFAAs that displayed the most notable site
differences (the most number of statistically significant groups between the 12 sites) were
PFOS, PFDA, and PFHxS. Of those, PFOS exhibited the greatest statistical difference
across sites (Figure 13). This is likely due to the fact that PFOS is generally the most
abundant PFAA in the environment. For male alligators only, concentrations of PFOS in
plasma ranged from 1.57 ng/g to 452 ng/g. PFOS concentrations were highest at MI
(median 106 ng/g) and KA (median 56.4 ng/g). MI males exhibited significantly higher
PFOS concentrations compared to all other sites with the exception of KA. In addition, the
individual alligator with the highest overall PFOS concentration measured in this study
(452 ng/g plasma) was from MI. After MI, males from South Carolina (KA, YK, and BI)
exhibited higher PFOS concentrations than Florida males, with the exception of WO. Some
of the lowest PFOS concentrations observed in males in this study were measured at sites
2A, 3A, LO, and JR.
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A

B

Figure 13. Site comparison of mean (±SD) PFOS concentrations (log; ng/g) in (A) male
and (B) female American alligator (Alligator mississippiensis) plasma from multiple sites
in Florida and South Carolina. Letters above bars represent statistically significant
differences between groups (p < 0.05). Samples are listed from left to right in decreasing
latitude.
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For female alligators, PFOS concentrations in plasma ranged from 1.36 ng/g - 206
ng/g. Similar to males, females at sites MI (median 85.5 ng/g) and KA (median 51.3 ng/g)
exhibited significantly higher PFOS concentrations compared to the other sites examined,
and the individual female with highest PFOS concentration was from MI (206 ng/g
plasma). After MI and KA, females from the two other South Carolina sites (YK and BI)
exhibited higher PFOS concentrations than females from Florida, with the exception of
WO and AP. Some of the lowest PFOS concentrations observed in females in this study
were measured at sites 2A, 3A, LO, JR, and TR.
The concentrations of PFHxS detected in alligator plasma in this study exhibited a
similar trend to PFOS across sites, but on a reduced scale (Table 5). For males, PFHxS
plasma concentrations ranged from 0.057 ng/g – 23.3 ng/g. Males from MI (median 3.95
ng/g) had significantly higher PFHxS concentrations than any other site examined, and the
individual male with highest PFHxS concentration was from site MI (23.3 ng/g). Males
from KA and KS followed closely, but were still statistically grouped with other sites (AP,
WO, and BI). The lowest PFHxS concentrations in males were typically measured at sites
2A, 3A, LO, and TR. For female alligators, PFHxS concentrations in plasma ranged from
0.069 ng/g – 10.0 ng/g. Like males, MI females exhibited significantly higher PFHxS
concentrations than all other sites. Females at KA and KS had the next highest
concentrations, but were still statistically grouped with other sites (AP, WO, and YK). The
lowest PFHxS concentrations in females were typically observed at sites 2A, 3A, and LO.
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Table 5. Site differences in PFDA and PFHxS concentrations (ng/g) in plasma of male and
female American alligators (Alligator mississippiensis) sampled at multiple sites in Florida
and South Carolina.
Male
Site

n

PFDA

PFHxS

YK

5

C

KA

5

BI

5

A

LO

5

A

WO

5

AP

5

A

B

MI

10

A

B

JR

5

A

B

KS

5

A

B

TR

5

A

B

A

B

2A

5

A

B

A

B

3A

5

A

B

A

D

A

B

C

D

D
B
A
B

B

C

B

C

C
C

E
E

F

D

E

F

D

E

F

D

E

F
G

A

B

C

D
F

C

D

Female
Site

n

PFDA

PFHxS

YK

5

D

KA

5

D

BI

5

LO

5

WO

5

AP

5

MI

5

JR

C

E
E

C

A

A

B

C

D

B

C

D

E

B

C

D

E

A
C
B

C

B

C

5

B

C

KS

5

B

C

TR

5

A

2A

5

A

B

3A

5

A

B

A

D

A

F
A

B

C

D
E

A

B

C

A

B

C

A

B

C

D

Different letters represent statistically significant differences between groups (p < 0.05).
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PFDA had a unique signature across the sampling sites, one that varied from the
patterns observed for plasma PFOS and PFHxS concentrations (Table 5). For male
alligators, PFDA concentrations ranged from 0.498 ng/g – 15.1 ng/g. KA males had
significantly higher PFDA concentrations overall (median 6.21 ng/g) compared to all sites,
with the exception of YK (median 6.20 ng/g). YK males exhibited the next highest PFDA
concentrations, but these were not significantly different from those detected in WO males
(median 2.02 ng/g). Males at many of the remaining sites had similarly low concentrations
of PFDA. Overall, LO males (median 0.792 ng/g) had some of the lowest PFDA
concentrations of all the sampling sites. For female alligators, PFDA plasma concentrations
ranged from 1.69 ng/g – 14.3 ng/g. The two sites with the highest (statistically significant)
PFDA concentrations in females were also in South Carolina: KA (median 6.32 ng/g) and
YK (median 5.55 ng/g). PFDA concentrations at BI (median 1.18 ng/g) and WO (median
1.84 ng/g) followed closely behind, but were not significantly different from the other sites
sampled. Like males, LO females (median 0.501 ng/g) had some of the lowest PFDA
concentrations across all sites.
Overall, male and female alligators from both MI and KA exhibited some of the
highest PFOS concentrations measured in SC and FL (Figure 14) and to date in a
crocodilian species (median PFOS concentrations in plasma: MI males = 106 ng/g, MI
females = 85.5 ng/g. KA males = 56.4 ng/g, KA females = 51.3 ng/g). In comparison, the
mean PFOS concentration in serum from captive Chinese Alligators was 28.7 ng/mL (28.0
ng/g) (Wang et al. 2013), while the median concentrations in wild Nile crocodiles at several
sites in South Africa ranged from 4.31- 50.3 ng/g (Christie et al. 2016). In other reptiles,
loggerhead sea turtles (Caretta caretta) along the coast of South Carolina and Florida
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exhibited median PFOS plasma concentrations of 2.87 ng/g and 3.80 ng/g respectively
(O’Connell et al. 2010). In another study, hawksbill sea turtles (Eretmochelys imbricate)
off of Juno Beach, FL south of MI report higher than expected PFOS levels at 11.9 ng/g
(Keller et al. 2012) when compared to several other species of turtles along the east coast.
The authors discuss geographic differences as possible reasons for the higher levels of
PFOS in the hawksbill. Comparing Keller and colleague’s hawksbill results to results in
this study would suggest there might be a potential source of PFOS off the east coast of
Florida (Keller et al. 2012).
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Figure 14. Pictorial representation of median PFOS (ng/g) in American alligator plasma
across sites in Florida and South Carolina.
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It is possible that for this study, the high concentrations of PFOS and PFHxS
detected in male and female alligators at MI may be related to the aeronautic facilities
located in and around MI that comprise up a large part of Florida’s Kennedy Space Center.
The past use of AFFF at Kennedy Space Center may have played role in PFAAs in the
surrounding environment and wildlife. Historically, AFFF have been shown to contain
PFAAs, such as PFOS and PFHxS, as well as a number of other propriety PFAA mixtures
(Place and Field 2012) and can be resistant to remediation (Houtz et al. 2013). PFAAs have
been measured in firefighters (Laitinen et al. 2014), wildlife (Houde et al. 2011), and
downstream of their use (deSolla et al. 2012). Potential sources of PFOS and PFHxS at KA
are more speculative. In addition, it should be noted with the exclusion of MI, alligators
from the South Carolina sites (BI, YK, and KA) had some of the highest PFOS
concentrations compared to the Florida sites. In Florida, WO exhibited mid to high
concentrations of PFOS, PFHxS, and PFDA compared to other sampled sites. For many
years, WO has been used as a reference site for multiple studies on alligator ecotoxicology
due to its relatively low concentrations of organochlorine contaminants, such as DDT, its
metabolites, and other OCPs (Guillette et al. 1994). The results of this study indicate WO
would not be a suitable reference site for future studies involving PFAAs. In contrast to
WO, sites 2A and 3A, which are located in the Everglades, exhibited some of the lowest
concentrations of PFOS and PFHxS measured in Florida. Similar levels of PFOS were
found in loggerhead sea turtles 3.67 ng/g from Florida Bay close to the 2A and 3A alligator
sampling site (O’Connell et al. 2010).
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Figure 15. Snout-vent length (SVL) of (A) male and (B) female American alligators
(Alligator mississippiensis) sampled at multiple sites in Florida and South Carolina during
this study. Different letters represent statistically significant differences between groups (p
< 0.05).
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2.3.3. Correlations
For all alligators included in the study, SVL was uniform across sites for males and nearly
uniform across sites for females (Figure 15). Thus, data from all sites were combined
within each sex to investigate relationships between PFAA concentration and alligator
SVL. Because Merritt Island had a very different pattern of PFAAs compared to the other
sites, correlations were determined with and without this site included. Since the
significance did not change based on the inclusion or exclusion of this site, it was included
in the analysis. Correlations comparing both male SVL to PFAAs and female SVL to
PFAAs resulted in a number of significant positive correlations (Table 5). Overall, females
exhibited higher correlation coefficients between PFAA concentration and SVL when
compared to the males. The highest correlation coefficients for females were with PFTriA,
which explained 57.0 % of the variation, followed closely by PFOS, which explained 55.1
% of the variation. In contrast, the highest correlation coefficients for male SVL and PFAA
concentration was PFUnA, which explained 35.5 % of the variation, followed closely by
PFOS, which explained 33.1 % of the variation. This result would seem to refute the
hypothesis stating female alligators may have lower PFAA burden than male alligators due
to maternal transfer of PFAAs during oviposition. Collectively, these data suggest
concentrations of some PFAAs in adult American alligators increase with increasing body
size in both males and females. Conversely, Wang et al. 2013 found that PFAA
(specifically PFUnA, PFDA, and PFNA) concentration decreased with increasing body
size (total length). These observed differences between American and Chinese alligators
may be the result of many things, including the combination of including animals from all
sites in this study, interspecific differences in food consumption, growth rate differences,
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and body size (Herbert et al. 2002) as well as in toxicodynamics and toxicokinetics of
PFAAs. In addition, differences in diet and numerous environmental variables between
wild (this study) and captive (Wang et al. 2013) alligators may influence growth and body
burdens of PFAAs.
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0.252
0.261a

0.072
0.133

Male

Female

0.489b

0.443b

0.469b

0.279

a

b

0.355

PFDoA

PFUnA

0.206

PFDA

Bold indicates significant correlation coefficients.
a Correlation is significant at the 0.05 level (2-tailed).
b Correlation is significant at the 0.01 level (2-tailed).

a

PFOA

Snount-vent length

PFNA

0.570b
0.468b

0.412b

0.551b

0.331

b

0.273

a
a

0.273

PFOS
PFHxS
PFTriA
0.209

PFTA

Table 2. Correlation coefficients between plasma perfluoroalkyl acid concentrations and snout–vent length for American
alligators (Alligator mississippiensis) sampled in Florida and South Carolina, USA.
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PFOS

PFHxS

PFTA

PFTriA

PFDoA

PFUnA

PFDA

PFNA

PFOA

Female (n = 60)

PFOS

PFHxS

PFTA

PFTriA

PFDoA

PFUnA

PFDA

PFNA

PFOA

Male (n = 65)

-

-

PFOA

-

0.648b

-

0.615b

PFNA

0.226
0.190

0.708b
0.713b

0.763b
-

0.578b

0.684b

0.938b

-

-

-

0.560b

-

0.130

0.331a

0.337b

0.387b
0.529b

0.196
0.827b

-

0.339b

0.890b

0.441b

0.365b

-0.003

0.444b

0.064

-

0.238

0.585b

0.098

-

0.395b

0.770b

-

0.316a

0.846b

0.751b

-

0.445b

0.826b

0.307a

b

0.339

0.783b

0.654b

b

0.273

0.260

PFHxS

0.920b

a

0.181

PFTA

0.439b

0.313

0.152

PFTriA

0.743b

0.144

0.036

PFDoA

0.186

-

0.840b

a

0.322

0.092

PFUnA

0.332a

-

0.550

b

0.226

PFDA

-

0.654b

0.454

b

0.598b

0.635b

0.691b

0.595b

0.538b

0.440b

-

0.827b

0.399b

0.489b

0.528b

0.654b

0.550b

b

0.541

0.386b

PFOS

Table 3. Correlation coefficients between concentrations of various perfluoroalkyl acids in plasma of American
alligators (Alligator mississippiensis) sampled in Florida and South Carolina.

With all sites combined for each sex, significant correlations were observed
between different PFAAs measured in plasma, suggesting somewhat similar sources of
PFAA contamination across the sampling localities. The varying levels of PFAA
contamination from site to site are likely due to varying distances from these potential
PFAA sources. Some correlative relationships between the PFAAs were stronger than
others (Table 6). Of all the PFAAs, correlations between PFUnA and PFDoA for male (p
< 0.01, r = 0.920) and female (p < 0.01, r = 0.938) alligators across the sites were the most
highly significant relationships observed in this study.

2.4. Conclusions
This study is the first to quantitate PFAA concentrations in American alligators and one of
the few studies to quantitate PFAAs in crocodilians (Bouwman et al. 2014, Wang et al.
2013, Chrisite et al. 2016). All alligator samples (n = 125) contained at least 6 quantifiable
PFAAs: PFOS (median 11.2 ng/g, range 1.36–452 ng/g), PFUnA (median 1.58 ng/g, range
0.314–18.4 ng/g), PFDA (median 1.20 ng/g, range 0.169–15.1 ng/g), PFNA (median 0.528
ng/g, range 0.155–1.40 ng/g), and PFHxS (median 0.288 ng/g, range 0.057–23.3 ng/g).
These findings support sex-based differences in PFOS and PFUnA concentrations
previously observed in captive Chinese alligators (Wang et al. 2013), while demonstrating
opposite relationships between PFAA concentration and body size for American (wild) and
Chinese (captive) alligators. A high number of significant PFAA to PFAA correlations
suggest common point sources throughout the sampling sites in Florida and South Carolina.
This study also reveals potential hot spots for various PFAAs (e.g., PFOS at KA and MI)
that warrant further investigation and provides another contaminant of concern to be
combined with organochlorines, metals, and others when assessing overall anthropogenic
impacts on ecosystem health.
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3.1. Introduction
Perfluoroalkyl substances (PFAS) have been manufactured for over 50 years for use in
many commercial and industrial-related products such as surfactants, stain repellants, and
aqueous film forming foams (AFFF) (Renner, 2006). PFAS encompass a vast number of
organic and inorganic compounds that contain a carbon-fluoride bond (C-F). These C-F
bonds are the unique feature that identify a compound as a PFAS and provide the noted
chemical and thermal stability of these compounds (Moody and Field, 2000) that make
them heavily desired in industrial and commercial products. Within the PFAS catalog
exists a family of highly fluorinated compounds known as perfluoroalkyl acids (PFAAs).
Structurally, PFAAs can widely vary, but as a group, PFAAs typically consist of carbon
chains of varying length (linear and branched isomers) and an acid functional group. Most
importantly, all carbon-hydrogen (C-H) bonds are substituted with C-F bonds (Buck et al.,
2011). Two well-studied sub-families of PFAAs are the carboxylic acids and sulfonic
acids, and the most commonly known and studied PFAAs are perfluorooctane sulfonate
(PFOS) and perfluorooctanoic acid (PFOA).
Like other anthropogenic contaminants, PFAAs enter the environment through both
point and non-point sources. Non-point sources include storm water runoff from residential
areas (Xiao et al., 2012), while point sources include AFFF usage (de Solla et al., 2012)
and other industrial and commercially related sources (Müller et al., 2011b; Xiao et al.,
2012). While active manufacturing and use of certain PFAAs, notably PFOS and PFOA,
have largely ceased due to a voluntary phase-out by industry (Glaser, 2001), several factors
contribute to the continued presence of PFAAs in the environment. Firstly, stable C-F
bonds prevent chemical, microbial, and photolytic degradation once released into the
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environment. In addition, stockpiles of previously purchased PFAAs containing products,
such as AFFFs, continue to be employed and contribute to environmental contamination
despite removal from current chemical production lines (Lloyd-Smith and Senjen, 2015).
Finally, many precursor chemicals still in production have non-fluorinated structural
components that, unlike the C-F bonds, are amenable to microbial or chemical
transformation and are attached to a stable perfluorinated chain. These precursors have the
potential to degrade into perfluorinated carboxylic and sulfonic acids that can further add
to environmental concentrations of PFAAs (Houtz et al., 2013).
When PFAAs released into the environment are consumed by humans and wildlife,
they bioaccumulate and biomagnify in food webs (Houde et al., 2011). High trophic level
species, such as piscivorous birds, exhibit the highest concentrations of these PFAAs
(Giesy and Kannan, 2001). American alligators (Alligator mississippiensis) also include
fish as a major dietary component (Rice, 2004) and may therefore accumulate high
concentrations of PFAAs as well.
Laboratory studies on mice and rats reveal a wide range of PFAA-related effects
including alterations in liver physiology and serum cholesterol, as well as resulting
hepatomegaly, wasting syndromes, neurotoxicity, and immunotoxicity (Anderson et al.,
2008; Stahl et al., 2011; DeWitt et al., 2012). In addition, PFAAs have also been suggested
as possible obesogens, due to their interaction with peroxisome proliferator activated
receptors (PPAR) (Grün and Blumberg, 2009). However, species-specific variations in
PFAA excretion rates have been observed (Anderson et al. 2008) and the actual
mechanism(s) of action of PFAA toxicity is not well understood across species or sex.
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Previous studies investigating temporal patterns in PFAA concentrations in both
humans and wildlife have shown that these chemicals can persist in plasma for decades
and the forms and concentrations detected mirror production rates of specific PFAAs
(Glynn et al., 2012; Roos et al., 2014). Shorter seasonal studies reveal additional distinctive
trends in PFAA concentrations in surface waters of lakes and rivers (Zhao et al., 2015) as
well as polar ice caps (Young et al. 2007. To date, seasonal studies of PFAAs in wildlife
tissues is limited. One study on wild male mink found an effect of season on several PFAAs
(Persson et al., 2013), while other studies on sea otters (Kannan et al., 2006) and bottlenose
dolphins (Houde et al., 2006a) found no effect of season on PFAAs. Whether or not tissues
of cold-blooded animals, such as reptilians, reflect an effect of season on PFAA levels
remains to be determined.
Crocodilians (alligators, caimans, crocodiles, gharials) are attractive sentinel
species for investigating the accumulation and potential health impacts of PFAAs and other
persistent chemicals on wildlife. (Crain and Guillette, 1998; Guillette et al., 2000; Milnes
and Guillette, 2008). Due to their high trophic status, long life span, and high site fidelity,
crocodilians are susceptible to exposure and accumulation of environmental contaminants
released (e.g., chemical application, spill, faulty disposal) or atmospherically deposited in
their habitats (Rainwater et al., 2007). While numerous studies have examined
accumulation of other persistent environmental contaminants (e.g., organochlorine
pesticides, polychlorinated biphenyls, metals) in crocodilians (Campbell, 2003), to date,
only four studies have reported PFAAs in these animals (Wang et al., 2013; Bouwman et
al., 2014; Christie et al., 2016). Most recently, Bangma et al. (Bangma et al., 2017b) found
that American alligators (Alligator mississippiensis) located within Merritt Island National
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Wildlife Refuge (MINWR), Florida, have an elevated plasma PFAA burden compared to
alligators examined at a number of other sites in Florida and South Carolina (Bangma et
al., 2017a). It has been proposed that the high concentrations of PFAAs at MINWR may
be related to the aeronautic activities of Kennedy Space Center (KSC). In the past, airports
and other industrial facilities have shown elevated water concentrations of PFOS
downstream of the facilities due to uses of products such as AFFF (de Solla et al., 2012).
MINWR was the only site situated on an aeronautic or aviation site of the 12 locations
investigated for alligator PFAA burden (Bangma et al., 2017a) in that study. Thus, it is not
surprising that alligators at MINWR maintained higher PFOS concentrations than the
alligators at the other 11 sites investigated in the 2016 study (Bangma et al., 2017a).
This study further investigated PFAAs in the plasma from adult American alligators
at MINWR in an effort to address the hypothesis: PFAA levels in alligator plasma vary
seasonally and PFAAs are higher in plasma during summer months.

3.2. Materials and methods
3.2.1. Study site
A unique site for wildlife studies, MINWR was established through an agreement between
KSC and the U.S. Fish and Wildlife services in 1963. In the agreement, MINWR was
established as encompassing all marshland and seashore habitats surrounding the KSC
facilities that were not developed for KSC use. Thus, KSC and MINWR are intimately
linked together geographically and this environment is comprised of anthropogenic-based
landmarks, such as the well-known Vehicle Assembly Building (VAB) and shuttle launch
pads, but also local wildlife, such as alligators and birds (Figure 16).
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Figure 16. Merritt Island National Wildlife Refuge (MINWR) geographical location and
Kennedy Space Center (KSC) facilities around MINWR. (A) Launch pad 39 B, (B) Launch
pad 39 A, (C) Shuttle landing facility (SLF) fire house, (D) Crawler processing area, (E)
High pressure gas facility, (F) Hazardous storage area, (G) Solid rocket processing area,
(H) Old water treatment facility, (I) Vehicle assembly building, (J) Gun range, (K) Dump,
(L) Old fire training center, and (M) Operations and Checkout retention pond.
3.2.2. Sample collection
From January 2008 to December 2009, adult American alligator plasma samples (n = 229)
were collected at MINWR adjacent to various aerospace-related activity areas (Figure 16)
as a result of an ongoing collaboration between the Medical University of South Carolina
(MUSC) and Integrated Mission Support Service at KSC, FL. Approximately 10 male and
10 female alligators were sampled per month (no recaptures were included) and GPS
coordinates were recorded at each alligator capture site for later GIS analysis. Snout-vent
length (SVL) was measured for each animal and recorded as a proxy for size and alligators
were sexed by cloacal examination of the genitalia (Allsteadt and Lang, 1995). Blood was
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collected as described by Myburgh et al. (Myburgh et al., 2014) in 8 mL lithium-heparin
Vacutainer blood collection tubes (BD, Franklin Lakes, NJ) and centrifuged at 2500 rpm
at 4 °C for 10 min. Aliquoted plasma was stored at -20 °C until analysis.
The National Institute of Standards and Technology (NIST) Standard Reference
Material (SRM) 1958 Organic Contaminants in Fortified Human Serum was co-analyzed
as a control material during PFAA analysis. The freeze-dried human serum SRM 1958 was
reconstituted with deionized water according to the instructions on the Certificate of
Analysis (www.nist.gov/srm/).
3.2.3. Chemicals
NIST Reference Materials (RMs) 8446 Perfluorinated Carboxylic Acids and
Perfluorooctane Sulfonamide in Methanol and RM 8447 Perfluorinated Sulfonic Acids in
Methanol were combined to create calibration solutions. Combined, the solution contained
a total of 15 PFAAs as follows: perfluorobutyric acid (PFBA), perfluoropentanoic acid
(PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), PFOA,
perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic
acid (PFUnA), perfluorododecanoic acid (PFDoA), perfluorotridecanoic acid (PFTriA),
perfluorotetradecanoic

acid

(PFTA),

perfluorobutanesulfonic

acid

(PFBS),

perfluorohexanesulfonic acid (PFHxS), PFOS, and perfluorooctanesulfonamide (PFOSA).
All internal standards (IS) were purchased from Cambridge Isotope Laboratories
(Andover, MA), RTI International (Research Triangle Park, NC), and Wellington
Laboratories (Guelph, Ontario), in order to create an IS mixture that comprised of a total
of eleven isotopically labeled PFAAs. The mixture is as follows: [13C4]PFBA,
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[13C2]PFHxA, [13C8]PFOA, [13C9]PFNA, [13C9]PFDA, [13C2]PFUnA, [13C2]PFDoA,
[18O2]PFBS, [18O2]PFHxS, [13C4]PFOS, and [18O2]PFOSA.
3.2.4. Sample preparation
Plasma samples were extracted using a method previously described in detail in 2011 by
Reiner et al. (Reiner et al., 2011). Briefly, approximately 1 mL of each alligator plasma
sample and three SRM 1958 aliquots were spiked with approximately 600 µL IS mixture.
The exact amount of IS mixture was gravimetrically recorded for each sample prior to
extraction with 4 ml acetonitrile. Samples were further purified in methanol using an EnviCarb cartridge (Supelco, Bellefonte, PA) and analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS).
Samples were analyzed using an Agilent 1100 High Performance Liquid
Chromatography system (HPLC; Santa Clara, CA) coupled to an Applied Biosystems API
4000 triple quadrupole mass spectrometer (Applied Biosystems, Foster City, CA) with
electrospray ionization in negative mode. An Agilent Zorbax Eclipse Plus C18 analytical
column (2.1 mm x 150 mm x 5µm) was used for PFAA separation. Each sample run
involved a ramping LC solvent gradient with methanol and de-ionized water both
containing 20 mmol/L ammonium acetate (Reiner et al., 2011). Two multiple reaction
monitoring (MRM) transitions for each PFAA were monitored to ensure no interferences.
One MRM was employed for quantitation and the other transition was used for
confirmation (Reiner et al., 2011).
3.2.5. Quality control
All samples were processed alongside quality control material NIST SRM 1958 and blanks
to determine the efficacy of the method. The PFAA concentrations of SRM 1958 processed
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during extraction met established values reported on the Certificate of Analysis (CoA).
Measured compounds were considered above the reporting limit (RL) if the mass of an
analyte in the sample was greater than the mean plus three standard deviations of all blanks.
3.2.6. Statistical methods
All statistical analyses were performed using IBM SPSS statistic 22 (Armonk, NY: IBM
Corp.). Statistical tests were performed for PFOA, PFNA, PFDA, PFUnA, PFDoA,
PFTriA, PFTA, PFHxS, and PFOS, which were detected in 89 % to 100 % of samples
(Table 8). The remaining PFAAs (PFBA, PFPeA, PFHxA, PFHpA, PFBS, and PFOSA)
were detected in less than 15 % of the samples and were excluded from statistical analyses.
For those PFAAs included in statistical analyses, compounds less than the RL were set
equal to half the RL prior to running the statistical tests (Keller et al., 2005). Reporting
limits ranged from 0.007 ng/g to 0.056 ng/g, depending on the analyte.
Table 8. Perfluoroalkyl acid (PFAA) concentrations (ng/g wet mass) in plasma from
American alligators at Merritt Island National Wildlife Refuge (MINWR).
PFOA

PFNA

PFDA

PFUnA

PFDoA

n
229
229
229
229
229
% > RL
89
99
99
100
91
Median (ng/g)
0.140
0.941
1.46
2.00
0.379
Range (ng/g) < 0.008 - 7.27 < 0.009 - 9.51 < 0.008 - 16.2 0.464 -9.52 < 0.008 - 11.3

PFTriA

PFTA

PFHxS

PFOS

n
229
229
229
229
% > RL
100
71
96
100
Median (ng/g)
0.627
0.106
7.96
185
Range (ng/g) 0.075 - 4.02 < 0.007 - 3.88 < 0.008 - 161 6.06 - 2143
Values were calculated with half the RL substituted for non-detects as described in the
methods section, but values shown as “<” a specified number describe the actual RL.
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Friedman’s test was used as a randomized complete block design to determine
monthly variations in plasma PFAA concentrations with non-normally distributed
concentration values (Bhujel, 2009). Month was set as the nuisance factor, sex as the
treatment, and PFAA burden as the dependent variable. These tests simulated a randomized
block design for the collected data. Other non-parametric tests employed for data analysis
of sex-based differences included Mann-Whitney U tests when the data remained nonnormal after log transformation. Spearman correlations were used when applicable for
correlative measures. ArcGIS v.10.3 (Esri, Redlands, CA) was employed to construct
spatial PFAA trends in alligator plasma at MINWR.

3.3. Results and discussion
Nine of the fifteen PFAAs investigated were detected regularly in the alligator plasma
samples (n = 229) and they are as follows (in order of abundance): PFOS, PFHxS, PFUnA,
PFDA, PFNA, PFTriA, PFDoA, PFOA, and PFTA (Table 8). These nine PFAAs resulted
in unique fingerprints for MINWR (Figure 17). As expected, PFOS, which is commonly
found in environmental samples, was the highest measured PFAA at MINWR with a
median of 185 ng/g (Houde et al., 2011). However, the PFOS measured in alligators from
MINWR had a large range, 6.06 ng/g – 2140 ng/g, revealing the highest PFOS
concentration yet measured in a crocodilian species (Wang et al., 2013; Bouwman et al.,
2014; Christie et al., 2016). PFHxS was the second highest PFAA measured with a median
of 7.96 ng/g and a range of < 0.008 ng/g to 161 ng/g. These two PFAAs (PFOS and PFHxS)
have been shown to have a uniquely high signature in MINWR alligator plasma compared
to alligators at several other sites in Florida and South Carolina (Bangma et al., 2017a),
suggesting local sources in close proximity to MINWR containing a high proportion of
65

these two PFAAs. Interestingly, this is not the first study to show low or non- detectable
concentrations of PFOA compared to other PFAAs in crocodilian plasma (Wang et al.,
2013; Bangma et al., 2017a). Wang et al. (Wang et al., 2013) found a mean PFOA
concentration of 0.02 ng/ml in captive Chinese alligators (Alligator sinensis), while
Bangma et al. (Bangma et al., 2017a) reported a mean PFOA concentration of 0.116 ng/g
in American alligators from multiple sites in Florida and South Carolina. It is possible
crocodilians have an ability to excrete PFOA more effectively than humans or other
wildlife species, preventing bioaccumulation in crocodilian plasma. An alternate
possibility is PFOA in crocodilians may segregate more effectively into other blood rich
organs such as the liver and kidney. A third possibility is the lack of PFOA in the fish they
consume as a part of their diet and thus a lack of bioaccumulation through the food web.
Several studies have previously found that PFOA is often low or below the limits of
detection in fish species in both the Great Lakes and the Mississippi River (Ye et al., 2008;
Delinsky et al., 2010).
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PFOS
93%

B

PFHxS
58%

PFOA
1%

PFTA
1%

PFDoA
3%
PFTriA
4%

PFUnA
15%

PFDA
11%

PFNA
7%

Figure 1. (A) Total PFAA fingerprint for American alligator plasma at MINWR, (B) excluding PFOS, the remaining 7 % of
the PFAA fingerprint.

A

3.3.1. Sex differences
No sex-based differences in PFAA concentrations in alligator plasma were observed by
month (data not shown). However, when all alligators were pooled by sex and regardless
of month, males (n = 117) exhibited significantly higher concentrations of PFTA, PFTriA,
and PFHxS (p < 0.001) compared to females (n = 112). Males also exhibited higher
concentrations of PFOA and PFNA (0.05 < p < 0.10) (Table 8). However, the adult male
alligators sampled at MINWR in this study had a significantly greater SVL than females
(p < 0.001) (Figure 18). To account for this sex-specific difference in body size, SVL data
from 1,077 individual alligator captures (recapture animals not included) at MINWR from
September 2006 to the end of November 2015 were used to length-adjust data. The
resulting length-adjusted data showed few differences from the non-adjusted data. The one
exception was a trending higher (0.05 < p < 0.10) PFOA concentration in males than
females using the non-adjusted data to no significant difference between the sexes using
the adjusted data (Table 8).
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PFDA
PFNA
PFOA
Sex based differences
NS
0.078
0.070
MINWR
NS
0.064
NS
MINWR length adjusted
Trending males higher (0.05 < p < 0.10)
Males significantly higher than females (p < 0.05)
NS = Not Significant

PFUnA
NS
NS

PFDoA
NS
NS

PFHxS
PFTA
PFTriA
p < 0.001 p < 0.001 p < 0.001
p < 0.001 p < 0.001 p < 0.001

PFOS
NS
NS

Table 4. Sex-based probability values (p values) in PFAA concentrations in plasma of American alligators at Merritt Island
National Wildlife Refuge (MINWR) (nfemales = 112, nmales = 117).

Figure 18. Boxplot depicting the mean and 95% confidence interval of the differences in
alligator snout-vent length (SVL) (cm) in alligators at MINWR. Male SVL are significantly
higher than female SVL (p < 0.001).
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n

PFOA
TM

PFNA
TM

229
MINWR
TM
229
MINWR length adjusted
125
Bangma et al. 2016
45
Christie et al. 2016
48
Wang et al. 2013
TM = trending males higher (0.05 < p < 0.10)
M = Males significantly higher than females (p < 0.05)

Sex based differences

M

PFDA

M

M

PFUnA

TM

PFDoA

PFHxS
M
M

PFTriA
M
M

PFTA
M
M
M

M

M

PFOS

Table 5. Pearson correlation coefficients between snout-vent-length (SVL) and PFAA concentrations in plasma for male (n = 117)
and female (n = 112) alligators at Merritt Island National Wildlife Refuge (MINWR).

The sex-based differences observed at MINWR reveal different results than have been
observed in previous crocodilian studies (Table 9). The large sample size at MINWR (n =
229) has provided increased sensitivity for detecting sex-based differences in PFAAs not
previously observed in adult crocodilians, such as PFTriA and PFHxS. However, for other
PFAAs like PFOS, for which sex-based differences have been observed in other
crocodilian studies, no sex-based differences were observed for this study. It is likely high
concentrations of point source contamination of PFOS at MINWR is potentially masking
sex-based differences due to a larger active input of PFOS from point sources that mask
the slower excretion or bioaccumulative differences between the sexes. One common
finding among the few PFAA-crocodilian studies to date (including the present study) is
when significant sex-based differences in PFAA concentrations are found, males
consistently exhibit higher plasma PFAA concentration than females.
Sex-based differences (i.e., males with higher concentrations than females)
observed for certain PFAAs in crocodilians could be due to several factors. First,
crocodilians may exhibit a differential clearance in PFAAs between males and females, as
has been observed in rats (Kudo et al., 2001), mice (Gannon et al., 2011), and other
mammals (Han et al., 2012). Second, female crocodilians may off-load PFAAs during
oviposition, thereby reducing their PFAA body burden compared to males in the same
environment. This hypothesis is supported by studies which have shown measurable
concentrations of specific PFAAs in herring gull (Larus argentatus) eggs in North America
(Gebbink and Letcher, 2010) and Nile crocodile (Crocodylus niloticus) eggs in South
Africa (Bouwman et al., 2014), confirming maternal transfer of PFAAs in oviparous
species. Sex-specific differences in PFAA concentrations may also be the result of
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differential habitat use by adult males and females, a phenomenon common among
crocodilians (Joanen and McNease, 1970; Joanen and McNease, 1972; Hutton, 1989;
Tucker et al., 1997). In such cases, differences of prey availability and contamination
between and among habitats within a site could result in different PFAA exposures in males
and females.
3.3.2. PFAA Correlations
Since sex-based differences were observed for a number of the PFAAs measured, PFAA
correlations were looked at separately for each sex. Significant correlations were observed
between certain PFAAs measured in the plasma, suggesting possible similar sources of
PFAA contamination at MINWR (Table 10). Some correlative relationships between the
co-varying PFAAs were stronger than others, which are inferred to suggest their likelihood
to be from similar local point sources. PFOS, which is found in high concentrations in
alligators from MINWR, likely as a result of point source of contamination in the area, is
highly correlated with PFDA, PFUnA, and PFDoA (Table 10, Table 11). These strong
correlations suggest but do not guarantee that similar point sources that are responsible for
PFOS levels are also likely contributing to concentrations of these other highly correlated
PFAAs at MINWR. This could explain why sex-based differences were not found for
PFOS, PFDA, PFUnA, and PFDoA at MINWR in contrast to other studies (Table 9) due
to a potential point source contamination of these chemicals masking a subtler sex-based
difference. PFHxS also co-varies well with PFOS but not as strongly with PFDA, PFUnA,
and PFDoA. In general, PFHxS co-varies more highly with PFNA, PFOA, and PFTA and
co-varies less with PFDA, PFUnA, and PFDoA, (Table 10, Table 11) this particular result
suggests multiple possible sources for the various PFAAs.
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-

PFOA

-

0.615

**

* Correlation is significant at the 0.05 level (2-tailed).

-

0.892

0.456
**

**

-

0.701

0.669

0.396

**

**

**

-

0.762

0.554

0.582

0.475

**

**

**

**

-

0.676

0.514

0.243

0.283

0.262

**

**

**

**

**

**

**

**

**

-

0.140

0.273

0.264

0.377

0.453

0.582

**

**

**

**

**

-

0.749

**

0.095

0.323

0.392

0.683

0.731

0.576

**

**

0.380

**

0.571

**

0.341

**

0.524

**

0.431

**

0.346

**

0.454

**

0.622

PFOS
PFHxS

PFTA

PFTriA

PFDoA

PFUnA

PFDA

PFNA

** Correlation is significant at the 0.01 level (2-tailed).

PFOS

PFHxS

PFTA

PFTriA

PFDoA

PFUnA

PFDA

PFNA

PFOA

Female
(n = 112)

Table 6. Pearson correlation coefficients between various plasma PFAAs for alligators at MINWR. Bold indicates significance
(p < 0.05).
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-

PFOA

-

0.573

* Correlation is significant at the 0.05 level (2-tailed).

-

0.855

**

**

**

0.356

-0.015

*

0.185

**

0.671

PFUnA

PFDA

PFNA

PFOS
** Correlation is significant at the 0.01 level (2-tailed).

PFHxS

PFTA

PFTriA

PFDoA

PFUnA

PFDA

PFNA

PFOA

Male
(n = 117)

-

0.657

0.613

0.339

**

**

**

0.129

PFDoA

-

0.528

0.279

0.304

0.505

-

0.738

**

-

0.512

0.461

**

**

0.166

**
**

0.253

-0.021
-0.005

**

0.146

0.579

**

**

0.119

0.424
**

**

**

**

**

**

-

0.386

**

0.143

0.330

0.463

0.565

0.722

0.553

**

**

0.320

**

0.752

**

0.464

**

0.459

PFOS
PFHxS
PFTA

PFTriA

Table 7. Pearson correlation coefficients between various plasma PFAAs for alligators at MINWR. Bold indicates significance
(p < 0.05).

Correlations comparing both male and female SVL to PFAAs resulted in a number
of significant positive correlations for PFOA, PFNA, PFTriA, PFTA (females only), and
PFHxS (Table 12). Overall, males exhibited stronger correlations between PFAA burden
and SVL when compared to females. The strongest correlations for males were with PFTA
(ρ = 0.546, p < 0.01) followed closely by PFTriA (ρ = 0.462, p < 0.01). In contrast, the
highest correlation coefficients for female SVL and PFAA burden was PFOA (ρ = 0.412,
p < 0.01), closely by PFNA (ρ = 0.276, p < 0.01). No correlations were observed between
SVL and the same PFAAs shown to co-vary with PFOS, PFDA, PFUnA, and PFDoA. No
correlations were seen between these PFAAs and SVL due to a masking by active point
source contamination at MINWR before or during 2008 and 2009. Further research is
required to corroborate.
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0.004

-0.248**

-0.201*

0.183*

0.414**

Male

* Correlation is significant at the 0.05 level (2-tailed).

** Correlation is significant at the 0.01 level (2-tailed).

-0.069

-0.169

0.01

0.276**

0.412**

Female

PFDoA

PFDA

PFNA

PFOA

MINWR

PFUnA

-0.02

0.421**

0.546**

0.462**

-0.002

0.240*

0.143

0.219*

PFOS

PFTA

PFTriA

PFHxS

Table 8. Pearson correlation coefficients between snout-vent-length (SVL) and PFAA concentrations in plasma for male (n = 117)
and female (n = 112) alligators at Merritt Island National Wildlife Refuge (MINWR). Bold indicates significance (p < 0.05).

3.3.3. Seasonal trends
No statistically significant trends were observed for the investigated PFAAs in alligator
plasma across seasons or months in either females or males at MINWR. It is possible the
high point source contamination at MINWR is masking a possibly subtle seasonality trend
similarly to masking a sex-based difference as well as PFAA and SVL correlations as
described earlier. In attempts to assess this, extreme values for PFOS (> 500 ng/g) were
removed from the data set to evaluate trends with a reduced effect from the point source
contamination on the data. Since the majority of animals were sampled from 2009, the data
were also restricted to samples collected in 2009 to assess seasonality for that year
(resulting n = 152). In doing so, an interesting but non-significant trend was seen in the
averages of monthly PFOS that were similar to monthly weather averages in Titusville, FL
for 2009 (Figure 20). As the year progressed and the weather warmed, PFOS values
increased slightly (non-significantly) until peak temperatures in August, then gradually
decreased as temperatures dropped in the fall and winter months. One hypothesis for this
potential trend is that in warmer months there is increased bacterial breakdown of precursor
PFAAs resulting in an increase in PFOS concentrations (Liu and Mejia Avendaño, 2013).
While not completely removed from the influences of point source contamination, this
trend warrants further investigation into PFOS seasonality influences and a site without
point source contamination might be better suited to unraveling this question.
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A.

B.

Figure 19. Non-significant seasonal changes in (A) average and (B) median plasma PFOS
levels (ng/g) (n = 152) (with extreme values (> 500 ng/g) removed) for samples collected
in 2009 MINWR. (Continued on next page).
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Figure 20. (C) Titusville, FL weather patterns for 2009.
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3.3.4. Spatial trends
Because American alligators exhibit high site fidelity (Fujisaki et al., 2014), spatial trends
were investigated for plasma PFOS, PFHxS, PFUnA, PFDA, PFNA, PFTriA, PFDoA,
PFOA, and PFTA using ArcGIS. From the data, MINWR areas were assessed for the
existence of possible point sources of contamination using samples collected during 2008
and 2009 at MINWR. Similar trends were observed for the PFAAs that co-varied strongly;
PFOS, PFDA, PFUnA, and PFDoA, as well as for PFOA, PFHxS, PFNA, PFTriA, and
PFTA.
Even with a large range of plasma PFOS concentrations (6.06 ng/g - 2,140 ng/g),
PFOS concentrations in the 229 American alligators sampled during 2008 and 2009 at
MINWR exhibited a distinct spatial pattern with several focal hot spots across MINWR
(Figure 21A), which suggests potential sources of PFOS within MINWR during or before
2008 and 2009. In addition, continued examination of Figure 21A suggested the existence
of more than one potential source location of PFOS. For example, alligators with some of
the highest plasma PFOS were captured adjacent to the Shuttle Landing Facility (SLF) fire
house, as well as the Neil Armstrong Operations and Checkout (O&C) retention pond. Past
use of AFFF at the SLF firehouse is a possible PFOS contributor for exposure to alligators
inhabiting the immediate area.
Additionally, a number of alligators exhibiting high plasma PFOS concentrations
were captured around a cluster of facilities located at MINWR that include the old water
treatment plant, hazardous storage area, Vehicle Assembly Building (VAB), solid rocket
processing, and the high-pressure gas facility. Within this cluster of buildings, the
concentration of high PFOS appears to most closely associate with the hazardous storage
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area as well as the VAB; while alligators have high site fidelity, alligators do move short
distances and may travel around these buildings, making GIS less definitive for such a tight
cluster of landmarks. In general, the largest overall area with elevated PFOS concentrations
seems to have been situated in and around the Banana River possibly due to PFOS runoff
from point sources such as past use of AFFF.
The spatial trend of plasma PFOA (Figure 21B) with a smaller range (<0.008 ng/g
to 7.27 ng/g) exhibited a vastly different pattern at MINWR than PFOS. With uniformly
low concentrations across most of MINWR, only a few alligators show PFOA
concentrations in the highest quintile (ranging from 3.20 ng/g - 4.00 ng/g) and even those
few alligators with higher PFOA concentrations reside in differing locations at MINWR
than alligators with higher PFOS. For example, the two sites adjacent to the capture
location for alligators possessing the highest concentrations of PFOA are the gun range and
the old fire training center. Ammunition manufacturers routinely employ metallic plating
processes that include the use of PFOA, which leaves trace amounts of PFOA in the
ammunition (Feldstein, 2012). Therefore, contributions of PFOA around the gun range
may be a result of PFOA leaching from spent ammunition.
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Figure 21. Spatial distribution of (A) PFOS and (B) PFOA in American alligator plasma
(n = 229) at MINWR during 2008-2009.

3.4. Conclusions
This study examined PFAA concentrations in plasma from American alligators at MINWR
in 2008 and 2009, a timeframe when PFAAs were present in many commercially available
products. Nine of the fifteen PFAAs investigated were detected regularly in plasma: PFOS,
PFHxS, PFUnA, PFDA, PFNA, PFTriA, PFDoA, PFOA, and PFTA. PFOS represented
the highest plasma burden (median 185 ng/g) and PFHxS the second highest (median 7.96
ng/g). Of those regularly detected PFOS, PFDA, PFUnA, and PFDoA, co-varied strongly
with one another, while PFOA, PFHxS, PFNA, PFTriA, and PFTA co-varied strongly with
one another. Sex-based based differences as well as stronger SVL and PFAA correlations
were more commonly observed for PFAAs that co-varied with PFOA, while PFAAs that
co-varied with PFOS showed no sex-based differences and weaker SVL and PFAA
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correlations. These results are potentially due to multiple sources of contamination at
MINWR during or before 2008 and 2009 with the potentially most active (or previously
active) source being the source containing PFOS, PFDA, PFUnA, and PFDoA. Strong
spatial patterns were observed for both groups of PFAAs furthering the understanding of
PFAA distribution in the alligators across MINWR and possibly providing clues regarding
the sources of PFAA contamination on the site. It is important to note that at the time of
this study potential sources, like AFFFs, contained PFASs and were legal to use. A followup study gathering samples that are more contemporary from MINWR could show
different patterns of PFAAs.
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4.1. Introduction
Per- and polyfluoroalkyl substances (PFASs) are a class of man-made chemicals
commonly employed in commercial and industrial products such as stain-resistant
materials, textiles, and non-stick surfaces. Consequently, PFASs are released into the
environment via industrial manufacturing processes and/or indirectly from consumer
products. Since their introduction to the market in the 1950s (Renner 2006), PFASs have
made their way into humans (Calafat et al., 2007), domestic pets (Bost et al., 2016), and
wildlife (Houde et al., 2011) across the globe. For this reason, PFASs have become a class
of chemicals of considerable concern to human and animal health.
Despite a growing knowledge on the pervasiveness of PFASs globally, a limited
number of studies on PFASs in humans and wildlife exist within the continent of Africa
(Hanssen et al., 2010, Bouwman et al., 2014, Mudumbi, 2014, Ololade 2014, Christie et
al., 2016) in comparison to areas in Asia (e.g., China), Europe, and North America (e.g.,
United States) (Houde et al., 2011). Recent investigations into plasma PFAS levels from
the Nile crocodile (Crocodylus niloticus) sampled in South Africa revealed comparable
levels of PFASs to those found in the American alligator (Alligator mississippiensis) from
the southeastern US (Bangma et al., 2017a). However, further analysis needs to be
performed to fully understand the burden and distribution of PFASs in Africans and
wildlife.
Within PFASs, a family of nonpolymer PFASs known as perfluoroalkyl acids
(PFAAs) is commonly studied. Two subclasses of the PFAA family that will be
investigated in this study are perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl
sulfonic acids (PFSAs). Structurally, PFCAs and PFSAs have the general chemistry
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formula CnF2n+1COOH and CnF2n+1SO3H, respectively (Buck et al., 2011). It is the
numerous carbon-fluorine bonds that provide the chemical and thermal stability of these
two subclasses of PFAAs and prevent their breakdown once released into the environment
(Moody and Field 2000). Once internalized by an organism, these PFAAs, which are
proteinophilic, are transported within the body and accumulate in protein-heavy matrices
like the blood, kidney and liver (Kudo 2015). Within these matrices, PFAAs have shown
an affinity for albumin in the plasma, fatty acid binding protein (FABP) in the liver, and
organic anion transporters (OATs) in the kidney in several species (Jones et al., 2003,
Hebert and MacManus-Spencer 2010, Ng and Hungerbühler 2013). Although speciesspecific and sex-specific variations in PFAA excretion rates have been observed, the actual
mechanism(s) controlling PFAA toxicity is not fully elucidated (Peters and Gonzalez
2011). Overall, PFAAs are partial to binding to albumin, for most species studied, making
these compounds readily measurable in plasma employing current technological methods
(Reiner et al., 2011b). This aspect makes non-lethal sampling of potentially exposed
organisms beneficial by using blood matrices in field studies.
Despite the obvious advantages for the sampling of blood matrices, tissue
distribution studies of PFAAs for individual species and/or organisms are also beneficial
for several reasons. Specifically, tissue distribution studies 1) better inform plasma-based
studies by serving as a proxy for understanding whole-body PFAA burden and 2) allow the
comparison of disparate tissue studies on PFAA burden. Regarding the latter point,
contaminant exposure studies often focus on a variety of tissues for multiple purposes and
having tissue distribution studies available can allow for comparisons between data sets on
the same or similar species across the globe. This comparative ability allows for a more
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complete understanding of the distribution of PFAAs, which will ultimately allow for an
improved examination into patterns, such as chain length patterns, spatial patterns across
continents, and potential source patterns of PFAAs. One such example of a spatial pattern
is the presence of high levels of perfluorooctanesulfonamide (PFOSA) in wildlife species
in the arctic regions (Butt et al., 2010; Reiner et al., 2011a).
To date, tissue distribution studies have investigated PFAAs in multiple animal
species including harbor seals (Phoca vitulina) (Van de Vijver et al., 2003), biakal seals
(Pusa sibirica) (Ishibashi et al., 2008), artic foxes (Vulpes lagopus) (Aas et al., 2014),
sprague-dawley rats (De Silva et al., 2009), rainbow trout (Oncorhynchus mykiss) (Martin
et al., 2003), and a variety of bird species (Verreault et al., 2005, Herzke et al., 2009,
Rubarth et al., 2011). Shi et al., (2012) investigated PFAAs in liver, brain, muscle and eggs
of farmed tilapia from markets in Beijing, China. However, data on PFAA concentrations
in wild tilapia are unavailable. This study aims to characterize PFAAs in additional tissue
matrices, including blood plasma, from a population of wild Mozambique tilapia
(Oreochromis mossambicus) at Loskop Dam, Mpumalanga, South Africa. With this
additional information, future studies in tilapia species could potentially use non-lethal
plasma samples as a proxy to understand the burden of other tissues and also allow a
comparison of tilapia plasma PFAA studies to other studies involving disparate tissues.
Loskop Dam is part of the Olifants River/watershed, a water shed that also supplies
Kruger National Park, and is located upstream of sites on the Olifants River where elevated
concentrations of PFAAs have recently been detected in Nile crocodiles (Christie et al.,
2016). Sources of PFAAs in the area are currently unknown; however, it is hypothesized
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that the sources resulting in PFAA exposure in crocodiles in the Olifants River also result
in PFAA exposure to wildlife at Loskop Dam.
In recent years, both crocodile and tilapia populations in the Olifants River have
been affected by the inflammatory disease pansteatitis. Pansteatitis leads to inflammation
and hardening of adipose tissue with severe cases resulting in immobility and death (Lane
et al., 2013). Pansteatitis outbreaks have affected wildlife in the Mpumalanga region and
nearby Kruger National Park for nearly a decade resulting in a number of fish and crocodile
mortality events over the years (Ashton 2010; Botha et al., 2011). Exposure to PFAAs is
unlikely to be solely responsible for these out-breaks, as the levels of PFAAs observed in
crocodile plasma in Mpumalanga (Christie et al., 2016) have been observed in crocodilians
in other areas of the world where pansteatitis outbreaks have not been recorded (Bangma
et al., 2017a). However, it is possible that the health status (i.e., pathological condition) of
tilapia may be influencing PFAA burden in pansteatitis-affected fish in some manner.
Previously, wildlife studies investigating health status and PFAAs have found associations
between various pathological conditions and PFAAs in sea otters and other marine
mammals (Kannan et al., 2006, Van de Vijver et al., 2003), but no studies to date have
investigated similar possibilities in non-mammalian species. The tilapia population at
Loskop Dam offers a unique opportunity to not only examine tissue distribution in fish, but
also to begin to investigate PFAA burden in relation to health status (pathological
condition). This study hypothesized diseased (pansteatitis-affected) tilapia have greater
concentrations of PFAAs compared to healthy tilapia.
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4.2. Materials and methods
4.2.1. Sample collection
Sexually mature male Mozambique tilapia were collected from Loskop Dam,
Mpumalanga, South Africa, in July 2014 and May 2016. Males were selected as a sexbased difference in male and female plasma PFAA levels was observed in a preliminary
investigation conducted in 2014 (Figure 22). In addition to significantly higher plasma
PFAAs, female tilapia revealed less significant difference in PFAA levels between healthy
and pansteatitis-affected than males possibly due to reproductive differences among
females. This was seen for a number of PFAAs in the preliminary investigation. Figure 23
shows PFUnA between healthy and pansteatitis-affected tilapia by sex as one example of
the PFAAs from the preliminary investigation.

Figure 22. Sex based differences (p = 0.001) were found for Sum PFAAs between
female (n = 9) and male (n = 10) tilapia plasma in the 2014 tilapia. Error bars represent
95% CI.
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Figure 23. Patterns in PFUnA between healthy and pansteatitis-affected tilapia by sex.
In July 2014, plasma and muscle samples were collected for 10 male tilapia and
were separated into two groups, healthy (n = 5) and pansteatitis-affected (n = 5). In 2014,
plasma was collected to understand baseline circulation levels of PFAAs in Loskop Dam
tilapia, and muscle was collected to understand baseline PFAA tissue levels since locals
frequently consume the fish from Loskop Dam. The second collection from Loskop Dam
in 2016 was designed to include additional tissues as a follow-up to the preliminary data
that showed that there were differences observed between healthy and pansteatitis-affected
tilapia in the 2014 specimens. Therefore, in addition to plasma and muscle, the 2016 tilapia
were also sampled for spleen, liver, kidney, muscle and adipose. For 2016, 13 tilapia,
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healthy (n = 6) and pansteatitis-affected (n = 7) individuals, were analyzed. Plasma, kidney,
and liver were collected due to the higher levels of PFAAs typically measured in these
organs in wildlife and laboratory animals (Houde et al., 2011). Spleen was collected due to
additional literature marking it an organ of interest for PFAA burden (Van de Vijver et al.,
2005). Finally, adipose collected since pansteatitis manifests predominately in the adipose
tissue (Bowden et al., 2016). Tilapia located at Loskop Dam contain large amounts of
adipose tissue throughout their body, especially surrounding the viscera. To standardize
adipose collection from the viscera for this study, approximately 1 gram of adipose
surrounding the intestines was consistently collected (Figure 24).

Figure 24. (a) Healthy and (b) pansteatitis-affected adipose tissue collected from adipose
reserves surrounding the intestines in Mozambique tilapia from Loskop Dam. Details on
disease scoring criteria can be found in section 4.2.2.
For both sampling events, tilapia were captured using composite gill nets. Blood
was collected using a syringe and a 23 G needle and was drawn immediately from the
lateral line upon removal from the net. Blood was kept on ice until centrifugation and then
flash frozen in liquid nitrogen for transport and storage at – 20 ℃. Fish were kept in an
oxygenated tank until necropsy. Total length and mass were collected immediately
preceding necropsy (Table 14). Approximately 1 g of each dissected tissue was trimmed,
wrapped in methanol-rinsed foil and stored at –20 ℃ until analyzed.
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Table 14. Total length and mass of sampled tilapia from Loskop Dam, Mpumalanga,
South Africa.
Fish ID
Year
Weight (Kg) Length (cm) Adipose Score
8658
2014
2.35
46.0
5
8659
2014
1.2
37.5
0
8664
2014
1.95
43.1
0.5
8665
2014
1.45
40.3
0.5
8668
2014
1.65
44.0
3
8670
2014
2.0
44.0
3
8678
2014
1.9
43.2
5
8683
2014
1.4
41.0
0
8690
2014
1.95
43.5
5
8709
2014
1.1
38.0
0
8355
2016
1.6
42.0
0
8357
2016
1.1
35.0
0
8359
2016
1.6
41.5
3
8364
2016
1.4
41.0
0
8366
2016
1.7
40.0
0
8375
2016
1.8
44.0
5
8381
2016
1.8
43.5
0.5
8383
2016
1.5
42.0
4
8386
2016
1.8
44.0
3
8389
2016
2.2
46.5
4
8400
2016
1.9
43.0
4
8401
2016
1.3
39.0
0
8406
2016
1.1
35.5
0
4.2.2. Disease scoring
While lesions were present throughout various tissues in the pansteatitis-affected fish, fish
were assigned healthy or pansteatitis-affected scores based on the condition of the adipose
tissue, where the disease was most readily discernable, using a metric that has been
established previously (Bowden, Cantu et al., 2016). In brief, health classification was
determined using criteria centered on number, size, and color of the lesions present in the
adipose tissue (Bowden, Cantu et al., 2016). Adipose scores ranged from 0 to 5. Fish with
an adipose score <1 were considered healthy, and fish with an adipose score from 1 to 5
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were considered pansteatitis-affected. For specimens collected in both 2014 and 2016, the
healthiest and most diseased tilapia (highest adipose scores) were selected for PFAA
investigations and comparisons. Examples of healthy and pansteatitis-affected adipose can
been seen in Figure 24.
4.2.3. Chemicals and control materials
Two solutions, NIST Reference Materials (RMs) 8446 Perfluorinated Carboxylic Acids
and Perfluorooctane Sulfonamide in Methanol and RM 8447 Perfluorinated Sulfonic Acids
in Methanol were combined to create calibration solutions for analysis. The final solution
comprised of 15 PFAAs as follows: perfluorobutyric acid (PFBA), perfluoropentanoic acid
(PFPeA),

perfluorohexanoic

acid

(PFHxA),

perfluoroheptanoic

acid

(PFHpA),

perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid
(PFDA), perfluoroundecanoic acid (PFUnA), perfluorododecanoic acid (PFDoA),
perfluorotridecanoic
perfluorobutanesulfonic

acid
acid

(PFTriA),
(PFBS),

perfluorotetradecanoic

acid

(PFTA),

perfluorohexanesulfonic

acid

(PFHxS),

perfluorooctanesulfonic acid (PFOS), and PFOSA.
All internal standards (IS) employed in this study were purchased from Cambridge
Isotope Laboratories (Andover, MA), RTI International (Research Triangle Park, NC), and
Wellington Laboratories (Guelph, Ontario), to create an internal standard (IS) mixture that
was comprised of a total of eleven isotopically labeled PFAAs. The IS mixture is as
follows:

[13C4]PFBA,

[13C2]PFHxA,

[13C8]PFOA,

[13C9]PFNA,

[13C9]PFDA,

[13C2]PFUnA, [13C2]PFDoA, [18O2]PFBS, [18O2]PFHxS, [13C4]PFOS, and [18O2]PFOSA.
The National Institute of Standards and Technology (NIST) Standard Reference
Material (SRM) 1957 Organic Contaminants in Non-Fortified Human Serum, NIST SRM
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1950 Metabolites in Frozen Human Plasma, and NIST SRM 1946 Organic Contaminants
in Lake Superior Fish Tissue were co-analyzed as control materials during PFAA and blood
chemistry analysis (www.nist.gov/srm/).
4.2.5. Sample preparation
Plasma samples, plasma blanks, and SRM 1957 were extracted using a method previously
described in detail in 2011 by Reiner et al., (Reiner et al., 2011b). Briefly, approximately
1 mL of each plasma and SRMs were extracted with 4 mL acetonitrile after being spiked
with approximately 600 µL of the IS mixture. Tissue samples, calibrants, tissue blanks,
and SRM 1946 were extracted twice using 2.5 mL 0.01 mol/L KOH in methanol after being
spiked with approximately 600 µL of the IS mixture (Reiner et al., 2011a). All samples,
blanks, SRMs, and calibrants were further purified in methanol using an Envi-carb
cartridge (Supelco, Bellefonte, PA) and analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS).
Samples were analyzed using an Agilent 1100 High Performance Liquid
Chromatography system (HPLC; Santa Clara, CA) coupled to an Applied Biosystems API
4000 triple quadrupole mass spectrometer (Applied Biosystems, Foster City, CA) with
electrospray ionization in negative mode. An Agilent Zorbax Eclipse Plus C18 analytical
column (2.1 mm x 150 mm x 5µm) was used for separation of PFAAs. Each individual
sample run involved a ramping LC solvent gradient with methanol and de-ionized water
both containing 20 mmol/L ammonium acetate (Reiner, Phinney et al., 2011). To ensure
no interferences, two multiple reaction monitoring (MRM) transitions for each PFAA were
employed. For all PFAAs measured, one MRM was employed for quantitation and the
other transition was used for confirmation of the PFAA (Reiner, Phinney et al., 2011).
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4.2.6. Blood chemistry measurements
Blood chemistry values for tilapia serum were obtained using an Abaxis VetScan Whole
Blood analyzer® with Avian/Reptilian Profile Plus® rotors. The instrument was used in
accordance with the procedures noted in the Abaxis manual. The blood chemistry
parameters examined include: aspartate aminotransferase (AST), total protein (TP),
albumin (ALB), globulin (GLOB), glucose (GLU), inorganic phosphorous (PHOS),
potassium (K+), sodium (NA+), calcium (Ca2+), creatine kinase (CK), and uric acid (UA)
(Table 14).
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H/P
H
H
H
H
H
P
P
P
P
P
H
H
H
H
H
H
H
P
P
P
P

AST
25
46
41
198
60
87
59
95
21
206
186
HEM
255
165
49
63
104
368
63
77
235

CK UA
454
0
2917 0
423
0
0
670
0
2886 0
3284 0
3712 0
598
0
4338 0
6733 0
HEM HEM
2192 0
1001 0
348
0
358
0
1038 0
1052 0
458
0
2868 0
2243 0

GLU
39
63
31
32
31
27
34
41
35
30
43
53
23
23
45
23
69
43
34
34
27

CA+2 PHOS TP ALB GLOB K+ NA+
14.2
7.2 3.7 1.9
1.8
4.1 178
15
8.7 4.2 2.3
1.9
4
170
14.9
8.2 4.2 2.2
2
4.4 167
14.1
9.1 3.7 2
1.7
5.4 167
15
8.1 3.9 2.2
1.7
4.8 179
11.6
4.1 2.9 1.5
1.4
4.7 160
13.2
6.1 2.9 1.5
1.4
5.2 170
12.9
6.5 3.4 1.8
1.6
3.8 168
12.4
4.5 3.3 1.6
1.7
3.8 164
12.4
4.7 2.8 1.2
1.6
4.3 169
15.9
12 4.6 2.7
1.9
3.7 169
HEM HEM 6.6 HEM HEM HEM HEM
14.6
10 4.3 2.4
1.9
4.9 163
13.8
9.4 4.2 2.2
2
4
164
15.1
7.6 4.7 2.5
2.2
4.3 167
14
6
4.7 2.5
2.2
4.6 159
16.5
9.2 4.7 2.9
1.9
4.2 172
11.1
5.7 2.7 1.5
1.2
5.3 156
12.3
6
3 1.5
1.5
4.7 168
12.4
6.1 3.5 1.3
2.2
4.6 156
12.5
6.4 3.5 1.7
1.8
5.1 157

H indicates healthy, P indicated pansteatitis-affected, and HEM indicates hemolytic sample, unable to determine parameters.
AST and CK are in u/gl. BA in umol/L. UA, GLU CA, PHOS, are in mg/dl. TP, ALB, GLOB are in g/dl. K and NA are in
mmol/l. 2014 blood chemistry parameters from Bowden et al. 2016.

Fish ID SEX Adipose Score YEAR
8659
M
0
2014
8664
M
0.5
2014
8665
M
0.5
2014
8683
M
0
2014
8709
M
0
2014
8658
M
5
2014
8668
M
3
2014
8670
M
3
2014
8678
M
4.75
2014
8690
M
5
2014
8355
M
0
2016
8357
M
0
2016
8364
M
0
2016
8366
M
0
2016
8381
M
0.5
2016
8401
M
0
2016
8406
M
0
2016
8383
M
4
2016
8386
M
3
2016
8389
M
4
2016
8400
M
4
2016

Table 9. 2014 and 2016 tilapia blood chemistry parameters obtained by Abaxis VetScan Whole Blood analyzer® with
Avian/Reptilian Profile Plus® rotors.

4.2.7. Quality control
All samples were processed alongside quality control material NIST Standard Reference
Material (SRM) 1957 Organic Contaminants in Non-Fortified Human Serum and NIST
SRM 1946 Organic Contaminants in Lake Superior Fish Tissue. SRM 1957 was used as a
control material for the tilapia plasma while SRM 1946 was used as a control material for
all other tissues processed in this analysis. To assess precision and accuracy of blood
chemistry parameters, NIST SRM 1950 Metabolites in Frozen Human Plasma was also
employed. The PFAA levels of SRM 1957 and 1946 processed during extraction met
established values reported on the Certificate of Analysis (CoA), as did the blood chemistry
parameters in NIST SRM 1950. Measured compounds were considered above the reporting
limit (RL) if the mass of an analyte in the sample was greater than the mean plus three
standard deviations of all blanks.
4.2.8. Statistical methods
Statistical analyses were performed using IBM SPSS statistic 22 software (Armonk, NY:
IBM Corp.). Only PFAAs detected in 75% to 100% of the plasma and tissue sampled were
statistically analyzed. PFAAs detected in < 50% for a given tissue were excluded from
analysis for that tissue type. For those PFAAs included in statistical analyses, compounds
less than the RL were set equal to half the RL prior to running the statistical tests (Keller,
Kannan et al., 2005). T-tests were used on log normally distributed data and the MannWhitney U test was employed for non-normally distributed data.
For comparisons between the healthy and pansteatitis-affected tilapia, 2 sample Ttests were applied to log normally distributed data whereas the Mann-Whitney U test was
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employed for non-normally distributed data. For correlative measures, Pearson correlations
were used for log normally distributed data and Spearman’s correlation for non-parametric
data.

4.3. Results and discussion
4.3.1. Loskop Dam PFAAs
In the present study, plasma and muscle tissue from 10 adult male tilapia were collected in
2014, and plasma, kidney, liver, spleen and muscle tissue from 13 adult male tilapia
collected in 2016. All samples were analyzed for the presence of 15 PFAAs, of which 10
were included in statistical analysis.
Statistical tests were performed for PFNA, PFDA, PFDoA, PFTriA, PFHxS, and
PFOS, which were detected in 75% to 100% of all tissue samples. Statistical tests were
also performed for PFOA, PFOSA, PFUnA, and PFTA, when detected in more than 50%
of a tissue type (example: plasma) regardless of the detection percentage in all samples.
The remaining PFAAs (PFBA, PFPeA, PFHxA, PFHpA, and PFBS) were detected in less
than 15% of the samples and were excluded from statistical analyses. PFAAs in the muscle
and plasma samples from 2014 showed no statistical difference from PFAAs in the muscle
and plasma samples collected in 2016, and therefore were combined with 2016 data when
applicable.
Plasma and tissue values for individual tilapia collected in 2016 were pooled for
each PFAA and the PFOS concentration (median, 41.6 ng/g) was the recorded to be the
highest concentration, as is commonly observed in both human and wildlife studies (Houde
et al., 2011). From highest to lowest, total 2016 tilapia PFAA summed across tissues was
as follows: PFOS > PFDA (median, 4.54 ng/g) > PFNA (median, 1.55 ng/g) > PFUnA
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(median, 1.41 ng/g) = PFDoA (median, 1.41 ng/g) > PFOSA (median, 0.768 ng/g) >
PFHxS (median, 0.553 ng/g) > PFTriA (median, 0.250 ng/g) > PFTA (median, 0.210 ng/g)
> PFOA (median, 0.0825ng/g). Muscle and plasma values for individual tilapia collected
in 2014 were also pooled for each PFAA and revealed lower medians due to fewer tissues
sampled per tilapia, but resulted in the similar trend from highest (PFOS) to lowest (PFOA)
PFAA. A number of other PFAA studies involving various fish species across the globe
(Ye et al., 2008, Delinsky et al., 2010) have also reported low PFOA levels compared to
other PFAAs. This phenomenon may be attributed to the quick clearance of PFOA for
some fish species (Mortensen et al., 2011).
Correlations between PFAAs plasma levels for all tilapia surveyed in 2014 and
2016 were investigated to examine potential site-specific trends. Significant (p < 0.05)
coefficients of correlation (r) displaying high r-values were found between the plasma
PFAA tested (Table 15). The highest r value of 0.983 was observed between plasma PFTA
and PFTriA, with many other PFAAs had similar strong r with one another. This high covariation between the various measured PFAAs suggests a high likelihood that PFAA
concentrations detected in the tilapia at Loskop Dam originate from a similar or the same
source.
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PFDA
PFNA
PFOA
0.945** 0.827**
PFOA
0.824**
PFNA
PFDA
PFUnA
PFDoA
PFTA
PFTriA
PFHxS
PFOS
* significant at 0.05 level (2-tailed)
** significant at the 0.01 level (2-tailed)

PFUnA
0.782**
0.733**
0.958**
-

PFDoA
0.665*
0.593**
0.858**
0.934**
-

PFTA
0.692*
0.380
0.708**
0.801**
0.909**
-

PFTriA
0.644*
0.315
0.656**
0.776**
0.911**
0.983**
-

PFHxS
0.815**
0.840**
0.564**
0.454*
0.256
0.053
-0.013
-

PFOS
0.888**
0.852**
0.933**
0.886**
0.813**
0.704**
0.632**
0.629**
-

Table 10. Coefficients of correlation (r) between concentrations of various perfluoroalkyl acids (PFAA) in the plasma of
Mozambique tilapia sampled from Loskop Dam, Mpumalanga, South Africa (2014-2016). Correlations were derived using logtransformed values. All log transformed PFAA values were normally distributed.

4.3.2. PFAAs profiles across tissues
When each individual tilapia tissue was examined for ΣPFAAs, another trend emerged with
plasma (2016 and 2014 median, 22.2 ng/g) containing the highest concentration of
measured PFAAs followed by: liver (median, 11.6 ng/g), kidney (median, 9.04 ng/g),
spleen (median, 5.92 ng/g), adipose (median, 2.54 ng/g), and muscle (2014 and 2016
median, 1.11 ng/g) (Figure 25). Information on PFAA levels in each tissue is summarized
in Table 16. Results presented in this study are similar to trends reported in other fish
studies (Labadie and Chevreuil 2011, Shi et al., 2012), but show some variation from other
PFAA tissues studies involving red-throated divers (Rubarth et al., 2011), Biakal seals
(Ishibashi et al., 2008), and arctic foxes (Aas et al., 2014), where liver tissue contained the
highest PFAA concentrations reported followed by plasma or serum and kidney, indicating
subtle differences as to how species sequester PFAAs from tissue to tissue. While not the
tissue with the highest PFAA burden, this study and others have shown PFAAs, specifically
PFOSA, readily accumulate into the spleen in wildlife as well as laboratory test species
(Van de Vijver et al., 2005, Rubarth et al., 2011, Ross et al., 2012). This may be due to the
affinity of PFOSA for red blood cells, as PFOSA concentrations have been detected up to
26 times higher in whole blood than in serum and that the spleen’s function is to filter and
recycle old blood cells in the body (Kärrman et al., 2006, Ross et al., 2012). High
concentrations of PFOSA in the spleen may be an important consideration in future studies
investigating immunotoxic effects of PFAAs, given the important immunological function
of this organ.
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35

ΣPFAAs (ng/g)
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25
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15
10
5

0
Plasma

Liver

Kidney

Spleen

Adipose

Muscle

Figure 25. Median and 95% CI (as indicated by the error bars) of ΣPFAAs for tilapia
tissues collected in 2016.
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PFHxS
12
17
< 0.044
< 0.039
0.089
13
92
0.086
< 0.008
0.133
13
100
0.241
0.108
0.398
25
36
< 0.014
< 0.005
0.04
24
100
0.131
0.065
0.325
13
85
0.066
< 0.038
0.118

PFOA
12
8
< 0.008
<0.007
0.012
13
62
0.039
< 0.007
0.135
13
85
0.024
< 0.006
0.152
25
4
< 0.009
< 0.005
0.04
24
46
< 0.011
< 0.008
0.14
13
38
< 0.011
< 0.006
0.09

PFOS
12
100
2.01
1.5
9.49
13
100
7.49
2.17
14.7
13
100
10.1
3.97
21.5
25
100
0.901
0.318
1.65
24
100
16.7
4.72
62.4
13
92
4.41
< 0.984
12.1

PFNA
12
100
0.1535
0.121
0.217
13
100
0.176
0.065
0.421
13
100
0.316
0.136
0.481
25
88
0.02
< 0.004
0.066
24
100
0.6405
0.138
2.29
13
92
0.242
< 0.099
0.595

PFDA
12
100
0.1485
0.099
0.316
13
100
0.654
0.142
1.3
13
100
0.575
0.187
0.825
25
96
0.08
< 0.009
0.213
24
100
2.64
0.949
6.55
13
92
0.438
< 0.008
1.4

PFOSA
12
0
< 0.099
< 0.080
< 0.109
13
69
0.074
< 0.044
0.102
13
0
0.094
< 0.060
0.148
25
16
< 0.035
< 0.003
0.06
24
67
0.0725
< 0.008
0.144
13
85
0.465
< 0.091
0.658

PFUnA
12
0
< 0.047
< 0.038
< 0.052
13
100
0.262
0.104
0.366
13
54
0.057
< 0.033
0.114
25
100
0.032
0.013
0.068
24
100
1.002
0.524
1.98
13
46
< 0.070
< 0.037
0.245

PFDoA
12
92
0.077
< 0.008
4.24
13
100
0.22
0.109
0.281
13
100
0.14
0.102
0.185
25
100
0.04
0.014
0.078
24
100
0.766
0.328
1.27
13
92
0.162
< 0.008
0.422

PFTriA
12
100
0.022
0.011
0.043
13
69
0.017
< 0.008
0.036
13
100
0.026
0.014
0.037
25
4
< 0.007
< 0.003
0.011
24
100
0.1275
0.045
0.272
13
92
0.054
< 0.010
0.077

PFTA
12
25
0.0295
< 0.024
0.173
13
85
0.024
< 0.024
0.037
13
23
< 0.027
< 0.017
0.044
25
4
< 0.013
< 0.003
0.023
24
100
0.089
0.026
0.204
13
85
0.047
< 0.026
0.085

Values shown as “<” a specified number describe the actual RL. % > RL indicates the number of samples above the reporting
limit (RL).

n
% over RL
Median
Min
Max
n
% over RL
Median
Min
Max
n
% over RL
Median
Min
Max
n
% over RL
Median
Min
Max
n
% over RL
Median
Min
Max
n
% over RL
Median
Min
Max

Table 11. Summary information for the nine most detected PFAAs in tilapia tissue for all samples collected in 2014 (plasma) and
2016 (all tissues) at Loskop Dam, Mpumalanga, South Africa.

Adipose

Kidney

Liver

Muscle

Plasma

Spleen
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When tissue distribution of each of the nine detected PFAAs was examined separately,
variability in PFAA compartmentalization was observed and resulted in a unique
fingerprint (Figure 26). As indicated in the literature, PFOSA, a PFOS precursor (Tomy et
al., 2004), revealed a high affinity for the spleen, with the concentrations (median, 0.465
ng/g) higher than all other tissue concentrations combined (sum of medians of remaining
tissues, 0.241 ng/g). PFHxS had the highest affinity for the liver compared to other tissues
investigated with approximately 46% of PFHxS sequestering in the liver (median, 0.241
ng/g) compared to the remaining tissues (sum of median of remaining tissues, 0.283 ng/g).
Over 7 % of the PFUnA detected in tilapia tissue was measured in the plasma (median,
1.00 ng/g) compared to considerably less in the remaining tissues (sum of median in
remaining tissues, 0.351 ng/g). Even though PFOA was infrequently detected across the
majority of tissues investigated, this PFAA revealed a greater affinity for liver and kidney
than plasma in this study as it was detected above RL in 62% and 85% of all kidney and
liver samples, respectively, compared to only 46% of plasma samples.
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PFHxS PFOA PFNA PFDA PFOSA PFUnA PFDoA PFTriA PFTA PFOS

Adipose

Figure 2. Tissue compartmentalization of each of the nine measured PFAAs in Mozambique tilapia from Loskop Dam (2014 and
2016). Values were not included for any PFAA not detected above reporting limit (RL) in more than 50% of a tissue (ex: PFOA in
the spleen).
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4.3.3. Health status and PFAAs
To determine if differences existed between healthy (n = 6) and pansteatitis-affected (n =
7) tilapia collected in 2016, overall PFAA burdens (sum of all PFAAs across all organs for
each tilapia) were statistically compared between the two groups. Tests revealed a
significant difference (p-value < 0.05) with healthy tilapia exhibiting an overall lower
PFAA burden than pansteatitis-affected tilapia (Figure 27). To determine what organs were
driving the difference, concentrations of the ΣPFAAs across individual tissues were then
statistically compared. Results indicated that the organs previously noted in the literature,
that traditionally contribute to the bulk of PFAA burden, such as the kidney, liver, and
plasma, were the organs driving the difference in ΣPFAAs between the two tilapia groups
(Figure 28). A further breakdown of individual PFAA contributions to the tissue ΣPFAA
differences between healthy and pansteatitis-affected tilapia revealed PFOS and PFHxS as
the two PFAAs with the most statistically significant differences between healthy and
pansteatitis-affected organs (Table 18).
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Figure 27. Overall burden of all PFAAs in tilapia are significantly different between
healthy and pansteatitis-affected tilapia (p-value, 0.019). Median values and 95% CI
depicted above.
Table 18. Difference in 2016 tilapia PFAA levels, as noted by p-values, between healthy
(n = 6) and pansteatitis-affected tilapia (n = 7) in each organ investigated.
PFOA

PFNA

PFDA

PFUnA PFDoA PFTriA

Adipose

NA

0.769

0.620

NA

0.482

Kidney

0.065

0.078

0.020

0.004

Liver

0.161

0.068

0.071

Muscle

NA

0.668

Spleen

0.973

Plasma

NA

PFOSA ΣPFAAs

PFTA

PFHxS

PFOS

0.809

NA

NA

0.223

NA

0.713

0.009

0.086

0.116

0.091

0.030

0.289

0.026

0.964

0.638

0.801

0.454

0.003

0.030

NA

0.030

0.904

0.431

0.252

NA

NA

0.885

0.475

NA

0.475

0.082

0.075

0.440

0.118

0.042

0.126

0.033

0.082

0.843

0.396

0.073

0.045

0.049

0.074

0.072

0.044

0.027

0.023

0.667

0.023

Pink indicates a significant p-value (p < 0.05)
Yellow indicates a trending p-value (0.05 < p < 0.10)
Bold indicates Mann-Whitney U employed for non-normal data. All other data was log
normalized and employed the t-test.
NA indicates more than 50% of samples were below RL and therefore was excluded from
analysis.
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Figure 28. Difference in PFAA levels for 2016 tilapia tissues, between healthy (adipose
score <1, n = 6) and pansteatitis-affected tilapia (adipose score from 1 to 5, n = 7) from
Loskop Dam in each organ investigated. Liver (p = 0.030), kidney (p = 0.026), and plasma
(p = 0.023) were significantly different. Median values and 95% CI depicted above.
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Relationships between fish total length and PFAA concentrations were investigated
for all 2014 and 2016 plasma in both healthy and pansteatitis-affected fish. Tilapia total
length between the two years were not significantly different and therefore were combined
for analysis. Tilapia total length ranged from 35.0 cm to 46.5 cm (Table 14). A significant
negative correlation was observed between total length and plasma PFOS (Figure 29a)
when pooling values recorded and comparing both healthy and pansteatitis-affected tilapia.
In contrast, when healthy (Figure 29b) and pansteatitis-affected (Figure 29c) tilapia were
examined separately, no significant correlations were observed. The negative correlation
observed in the combined group could be driven by a number of factors. Research by
Bowden et al., (2016) has shown that length is a potential indicator of pansteatitis amongst
Loskop Dam tilapia, with healthy fish being significantly smaller than pansteatitis-affected
individuals (Bowden et al., 2016). It is a possibility that length is driving the differences
between healthy and pansteatitis-affected PFAAs as has been previously shown in some
animal studies (Baduel et al., 2014). However, it is not likely to be the case in the present
study for several reasons. First, no significant correlations were observed when the tilapia
were separated into health groups (2014 and 2016 combined). Second, in general, agerelated trends in PFAA concentrations are not commonly observed in fish (Reiner and
Place 2015), and while a study by Pan et al., (2014), conducted on tilapia, revealed a
positive correlation between length and PFOS (Pan et al., 2014), fish used in Pan et al.,
(2014) study were smaller in size than those investigated in this study. Third, the negative
correlation observed in the combined group in this study could be an artifact of a small
sample size. At present, there are no other studies that have investigated PFAA burden in
tilapia of similar size and cohort as achieved in this study.
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Figure 3. Correlations between length (cm) and plasma log(PFOS) (ng/g) for male tilapia collected in 2014 and 2016 from Loskop
Dam (a) healthy, (b) pansteatitis-affected, and (c) combination of healthy and pansteatitis-affected tilapia.

There are several potential reasons for the difference observed between pansteatitisaffected tilapia and the higher PFAA-burdened healthy tilapia. Firstly, these data are
consistent with the concept that diet may contribute to the differences in PFAA
concentrations between the healthy and pansteatitis-affected tilapia. A major source of
PFAA bioaccumulation in nature is attributed to food intake (Houde et al., 2011, Mortensen
et al., 2011). While the half-life of many PFAAs varies among species and is currently
unknown in tilapia, it is possible that pansteatitis-affected tilapia exhibit a reduced appetite
and/or foraging success compared to their healthy counterparts. This could lead to a
reduction in food consumption and ultimately the possibility of a decrease in PFAA
exposure and accumulation.
Secondly, changes in physiological conditions such as a reduction in the levels of
protein (e.g. albumin) within pansteatitis-affected tilapia may reduce the abundance of
proteins available for PFAA to readily bind to and thus PFAAs would be more readily
excreted from the body compared to healthy tilapia counterparts. While the cause of
pansteatitis is still unknown, it has been shown to be an inflammatory disease of the adipose
in crocodiles in the same watershed from which tilapia in this study were collected (Lane
et al., 2013), and biomarker studies have shown malnutrition and inflammation can lead to
reduced protein levels (Don and Kaysen 2004). Because inflammatory diseases can present
with hypoalbuminemia and PFAAs show an affinity for albumin in the plasma, the levels
of plasma albumin between the two tilapia subpopulations were investigated (methods in
SI). Results revealed healthy tilapia exhibited significantly higher plasma albumin than
pansteatitis-affected tilapia (Figure 30) (Bowden et al., 2016). It is possible that the plasma
of pansteatitis-affected tilapia cannot maintain a similar burden of PFAAs as healthy
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tilapia, due to the fact that if PFAAs bind readily to plasma albumin and there would be
less albumin present in the pansteatitis-affected tilapia. Investigations into polyfluoroalkyl
ether sulfonic acids (PFAES) in Crucian Carp (Carassius carassius) have suggested that
bioaccumulation potential is concentration dependent with a saturation of serum albumin
at higher exposure (Shi et al., 2015). Therefore, if the pansteatitis- affected tilapia maintain
less albumin than their healthy counterparts, PFAAs may be saturating the pansteatitisaffected tilapia albumin at lower concentrations leaving the remaining fraction of unbound
PFAAs to be excreted. Future investigations could examine potential changes in additional
physiological conditions including proteins FABP and OATs in matrices such as the liver
and kidney in pansteatitis-affected tilapia to elucidate the cause of differences in
distribution between healthy and pansteatitis-affected tilapia.

3

*

Albumin (g/dl)

2.5
2
1.5

1
0.5
0
Healthy (n = 11)

Diseased (n = 9)

Figure 30. Results revealed healthy tilapia exhibit significantly higher plasma albumin in
plasma than pansteatitis-affected tilapia. Values were normally distributed. Average and
standard deviation are represented in the graph above (p < 0.0001).
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Numerous studies have investigated health, pathological condition, or body
condition in relation to PFAA burden in wildlife and the results are variable. Higher levels
of PFOS and PFOA have been documented in the livers of diseased sea otters compared to
their healthy counterparts (Kannan et al., 2006), while other studies observed similar results
to this study whereby diseased (bronchopneumonia-affected) harbor seals maintained
lower PFOS when compared to their healthy counterparts (Van de Vijver et al., 2003).
Another study on harbor seals revealed no relationship between PFAA levels and general
health status (Ahrens et al., 2009), while a study on artic foxes showed that differences
between lean and fat body condition can correlate with changes in PFAA burden in a
variety of tissues (Aas et al., 2014). Interestingly, in a human study, Yueng and colleagues
found that patients that underwent liver transplantation for liver disease had lower levels
of PFASs in their livers than reported in healthy individuals (Yeung et al., 2013). Similar
to this study, Yueng hypothesizes these differences might be attributed to physiological
changes. In their case, the physiological change was fibrous tissue replacing the functional
parenchymal in the diseased livers.
I propose that species, diseases, and/or changes in body condition have the potential
to affect PFAA burden differently. Data from this study indicates PFAA burden in
pansteatitis-affected tilapia is affected by disease state, either directly or indirectly via
changes in diet or protein content resulting in pansteatitis-affected tilapia with lower levels
of PFAAs than their healthy counterparts, but like Vijver and colleagues have suggested,
car must be taken from the conclusions drawn from the results on the effect PFAAs have
on wildlife health (Van de Vijver et al., 2003). The relationship between general health
status and PFAA exposure in both wildlife and humans is an area of study in its infancy.
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Like wildlife, humans are impacted by diseases of various types and the base literature
informs us that human PFAA exposure and accumulation is widespread (DeWitt 2015);
however, studies have yet to account for the influence potential changes in health status
may have on PFAA burdens in an organism. This is especially significant for human
epidemiological studies where chemical contaminant measurements (PFAAs or other
xenobiotics of concern) in the blood are made after the onset of disease such as crosssectional survey designs where an individual is already diagnosed at the time of blood
draw. By doing so, key information on PFAA concentrations prior to the onset of disease
and the exact role PFAAs play in the disease, if any, may be overlooked.

4.4. Conclusions
Nine of the 15 PFAAs investigated were detected frequently across collected tissues from
all specimens (including perfluorinated carboxylic acids with chain lengths equal to or
greater than 8 carbons, PFOS, and PFOSA). Overall, plasma from specimens collected in
both surveys contained the highest levels of ∑PFAAs (median, 22.2 ng/g) followed by liver
(median, 11.6 ng/g), kidney (median, 9.04 ng/g), spleen (median, 5.92 ng/g), adipose
(median, 2.54 ng/g), and muscle (median, 1.11 ng/g).
Statistical analyses revealed a significant difference (p-value < 0.05) with higher
PFAA levels occurring in tilapia considered healthy compared to those affected by
pansteatitis across all tissues tested. Tissues previously noted in the literature to
traditionally contribute to the bulk of wildlife PFAA burden (plasma, kidney and liver)
were the organs driving the difference in PFAAs between healthy and pansteatitis-affected
tilapia.
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While the results lead to many questions, the idea that health may alter PFAA tissue
burden should not be disregarded. I suggest that researchers in the PFAA community take
caution when drawing conclusions from not only pansteatitis-affected tilapia PFAA levels,
but other wildlife PFAAs levels, especially if comparing two groups of different health
conditions. As shown with the tilapia in this study, health status has the potential to
significantly alter the level of PFAAs in several tissues. This finding may also be something
to take note of for human studies, especially in human PFAA plasma measurements when
comparing health compromised individuals to healthy individuals.
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Chapter 5: Perfluorinated Alkyl Acids and Fecundity in Striped mullet
(Mugil cephalus) at Merritt Island National Wildlife Refuge
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5.1. Introduction
Perfluoroalkyl acids (PFAAs) are a commonly studied family within the larger group of
chemicals known as perfluoroalkyl substances (PFAS). PFASs are organic chains
(branched and linear) in which all hydrogen atoms attached to the carbon backbone have
been substituted for a fluorine atom creating a carbon fluoride (C-F) bond. Two subclasses
of the PFAA family that will be investigated in this study are perfluoroalkyl carboxylic
acids (PFCAs) and perfluoroalkyl sulfonic acids (PFSAs) (1.1.2. PFAS structure and
nomenclature: Figure 3, Figure 4). Structurally, PFCAs and PFSAs have the general
chemistry formula CnF2n+1COOH and CnF2n+1SO3H, respectively (Buck et al., 2011).
With numerous applications in waterproofing, stain proofing, and firefighting products
(Moody and Field, 2000; Kärrman et al., 2011; de Solla et al., 2012; Place and Field, 2012;
Laitinen et al., 2014), PFAAs have found their way into the environment (de Solla et al.,
2012), humans (Laitinen et al., 2014), and wildlife (Houde et al., 2011) across the globe.
Recent investigations of PFAA levels in the American alligator (Alligator mississippiensis)
in Florida and South Carolina revealed variations in PFAA burden by site, noting that
alligators residing at Merritt Island National Wildlife Refuge (MINWR) maintained the
highest PFAA burden compared to alligators present at other southeastern sampling sites
(Bangma et al., 2017a). This would suggest that wildlife around MINWR are at higher risk
to potential exposure to PFAAs in comparison to other sites within Florida and South
Carolina.
PFAAs have shown a variety of health effects such as immunotoxicity (DeWitt et
al., 2012), neurotoxicity (Liao et al., 2009), and reduced fertility and fecundity. These
reduced fecundity rates, due to PFAAs exposure, have been observed in human (Homo
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sapiens) (Fei et al., 2009; Velez et al., 2015), copepod (Tigriopus japonicas) (Han et al.,
2015), nematode (Caenorhabditis elegans) (Tominaga et al., 2004), and freshwater flea
(Hyalella azteca) (Lee et al., 1986) studies, while some human (Whitworth et al., 2012)
and zebra fish (Danio rerio) (Wang et al., 2011) studies have shown no adverse effects of
the investigated PFAAs on fecundity.
The pathways for possible mechanisms of action are still being elucidated for many
of these effects. Some are PPAR dependent (Ren et al., 2009) and some are PPAR
independent (Ren et al., 2009; Rosen et al., 2010). While PPARα is expressed in grey
mullet (Chelon labrosus) gonad tissue (Raingeard et al., 2006), potential PPAR
independent mechanisms for changes in fecundity and fertility in teleosts have begun to be
investigated as well. Changes in liver histology have been recorded in both male and female
zebra fish exposed to perfluorooctanesulfonic acid (PFOS) (Cui et al., 2017), as well as
changes in expression of vitellogenic genes recorded in tilapia hepatocytes (Liu et al.,
2007) and zebra fish (Brachydanio rerio) livers (Cheng et al., 2012). In the case of the
tilapia hepatocytes, the changes in expression of vitellogenic genes depended upon coexposures with estrogen. While most of these studies have been conducted in a controlled
laboratory setting, it is possible PFOS and other PFAAs may impact or change a female
teleost’s fecundity through impacts on the liver and gonad in the wild.
To date, no study published has attempted to measure potential fecundity effects in
a wildlife population. MINWR is ideally suited to investigate potential wildlife fecundity
effects of PFAAs due to the higher levels of PFAAs measured in wildlife (American
alligators) compared to other locations in Florida and South Carolina (Bangma et al.,
2017a). Therefore, this study aimed to investigate PFAA levels and fecundity measures in
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a locally abundant marine species that is prey species of alligators at MINWR and is also
consumed by local fishermen in the surrounding areas outside of MINWR. Of the several
fish species present at MINWR that met both of these criteria, the Striped mullet (Mugil
cephalus), was one of the fastest species to maturity and was also one of the few species
that undergoes isochronal spawning. These qualities ensure minimal effect of sampling on
the population and highly accurate fecundity measurements. This study hypothesized:
Striped mullet with greater levels of PFAAs will have lower fecundity.

5.2. Materials and methods
5.2.1. Sample collection
Collections of striped mullet were conducted at MINWR under the protocol GRD-06-044
reviewed by the Institutional Animal Care and Use Committee (IACUC). Sampling was
conducted October 24-28 (n = 83) and December 4-7, 2016 (n = 45) to ensure that samples
were collected during the time period where reproductive development was occurring for
the spawning season (McDonough, 2003). Striped mullet were obtained from numerous
locations throughout the Banana River (BR), as well as from the drainage ditch that runs
the length of the Shuttle Landing Facility (SLF) (Chapter 3: Figure 16, Figure 31). Unlike
the fish in the Banana River, that were free to move about the entirety of the river system,
the fish within in the SLF were trapped within the SLF drainage ditch and were unable to
move outside of that area for years at a time (only during infrequent large flood events can
mullet move in and out of the SLF). Fish were caught using a cast net (n = 125) as the
primary form of sampling gear with a few adult mullet (n = 3) obtained using a 183-m haul
seine. Samples obtained using a 183-m haul seine are a result of collaborations with Florida
Marine Research Institute (FMRI). Of the mullet captured, only adult female mullet larger
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than 30 cm were collected for this study to ensure that a high percentage of sampled mullet
had reached sexual maturity (McDonough, 2005). Sex was assessed in the field by applying
pressure to the abdomen and looking for the extrusion of milt or eggs (Kucherka et al.,
2006).

Figure 31. Collection sites for Striped mullet at Merritt Island National Wildlife Refuge.
All mullet identified as female were necropsied within 12 h of capture. Standard
morphological measurements taken were total length (TL), standard length (SL), fork
length (FL), total height (TH), and fish girth (FG) in cm, and fish weight (FW), liver weight
(LW), and gonad weight (GW) in grams (g) (Figure 32). Fish girth was taken as fish
circumference at the same location fish height was measured. Any subsequent mention of
fish length in the remaining text will be total length unless otherwise noted. Sagittal otoliths
were removed for estimating fish age. Livers were collected in methanol rinsed foil and
frozen at – 20 ℃ for later PFAA analysis. Gonads were collected and divided for analysis.
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One large section from the distal end of the left gonad was wrapped in methanol rinsed foil
and frozen at – 20 ℃ for later PFAA analysis. The whole right lobe of the gonad was
weighed separately and preserved in 10% NBF for fecundity counts. Additionally, a small
section (~ 1cm3) from the posterior portion of the gonad, where the lobes were joined, was
removed and fixed in 10 % neutral buffered formalin (NBF) for histological confirmation
of sex and reproductive stage.

Figure 32. Striped mullet pictorial representation of standard morphometric measurements
for total length (TL), fork length (FL), standard length (SL), and fish height (FH).
5.2.2. Chemicals
Two solutions, National Institute of Standards and Technology (NIST) Reference
Materials (RMs) 8446 Perfluorinated Carboxylic Acids and Perfluorooctane Sulfonamide
in Methanol and RM 8447 Perfluorinated Sulfonic Acids in Methanol were combined to
create calibration solutions for liquid chromatography-tandem mass spectrometry (LCMS/MS). analysis. The final solution comprised of 15 PFAAs as follows: perfluorobutyric
acid (PFBA), perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid
(PFNA),

perfluorodecanoic

acid

(PFDA),
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perfluoroundecanoic

acid

(PFUnA),

perfluorododecanoic
perfluorotetradecanoic

acid
acid

(PFDoA),
(PFTA),

perfluorotridecanoic

acid

perfluorobutanesulfonic

(PFTriA),

acid

(PFBS),

perfluorohexanesulfonic acid (PFHxS), PFOS, and perfluorooctanesulfonamide (PFOSA).
All internal standards (IS) employed in this study were purchased from Cambridge Isotope
Laboratories (Andover, MA), RTI International (Research Triangle Park, NC), and
Wellington Laboratories (Guelph, Ontario), to create an internal standard (IS) mixture that
was comprised of a total of eleven isotopically labeled PFAAs. The IS mixture is as
follows:

[13C4]PFBA,

[13C2]PFUnA,

[13C2]PFHxA,

[13C2]PFDoA,

[13C8]PFOA,

[18O2]PFBS,

[13C9]PFNA,

[18O2]PFHxS,

[13C9]PFDA,

[13C4]PFOS,

and

[18O2]PFOSA.
NIST Standard Reference Material (SRM) 1946 Organic Contaminants in Lake
Superior Fish Tissue were co-analyzed as control materials during PFAA and tissue
chemistry analysis (www.nist.gov/srm/). The PFAA levels of SRM 1946 processed during
extraction met established values reported on the Certificate of Analysis. Measured
compounds were considered above the reporting limit (RL) if the mass of an analyte in the
sample was greater than the mean plus three standard deviations of all blanks.
5.2.3. Sample preparation
Briefly, approximately 1 g of tissue samples (nliver = 128, nmuscle = 49, ngonad = 10),
calibrants, blanks, and SRM 1946 were extracted twice using 2.5 mL 0.01 mol/L KOH in
methanol after being spiked with approximately 600 µL of the IS mixture (Reiner et al.,
2011a). All samples, blanks, SRMs, and calibrants were further purified in methanol using
an Envi-carb cartridge (Supelco, Bellefonte, PA) and analyzed by LC-MS/MS.
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Samples were analyzed using an Agilent 1100 High Performance Liquid Chromatography
system (HPLC; Santa Clara, CA) coupled to an Applied Biosystems API 4000 triple
quadrupole mass spectrometer (Applied Biosystems, Foster City, CA) with electrospray
ionization in negative mode. An Agilent Zorbax Eclipse Plus C18 analytical column (2.1
mm x 150 mm x 5µm) was used for separation of PFAAs. Each individual sample run
involved a ramping LC solvent gradient with methanol and de-ionized water both
containing 20 mmol/L ammonium acetate (Reiner et al., 2011b). To ensure no
interferences, two multiple reaction monitoring (MRM) transitions for each PFAA were
employed. For all PFAAs measured, one MRM was employed for quantitation and the
other transition was used for confirmation of the PFAA (Reiner et al., 2011b).
5.2.4. Histological processing and staging
Gonad tissues were processed using standard histological techniques (Humason, 1967) and
embedded in paraffin and sectioned. Sections were placed on microscope slides and stained
with standard haematoxylin and eosin-Y staining techniques. Histological criteria used to
determine reproductive stage has been previously established by McDonough et al.
(McDonough, 2005) (Table 19). Mullet captured in this study fell into three stages: Stage
2: Developing (n = 84), Stage 4: Atretic or spent (n = 2), and Stage 5: Inactive or resting
(n = 42). Stage 2 encompasses a wide range of developing oocytes sizes and vitellogenic
stages and therefore was separated into sub-stages for analysis: 2-early, 2-mid, and, 2-late
(McDonough et al. 2005) (Table 19, Figure 33).
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Table 19. Histological criteria used to determine reproductive stage in female Striped
mullet.
Reproductive stage

Criteria

1.

Immature

2.

Developing

3.

Running ripe

Inactive ovary with pre-vitellogenic oocytes and no
evidence of atresia. Oocytes are <80 µm, lamellae lack
muscle, and connective tissue bundles are not as elongate
as those in mature ovaries, ovary wall is very thin.
Developing ovary have enlarged oocytes generally greater
than 120 µm in size. Cortical alveoli become present and
actual vitellogenesis occurs after oocytes reach 180 µm in
size and continue to increase in size. Abundant yolk
globules with oocytes reach a size range of >600 µm.
Completion of yolk coalescence and hydration in most
oocytes.

4.

Atretic or spent

More than 30% of developed oocytes undergoing the
atretic process of breaking down and absorbing decaying
cellular matter. Stains a distinct yellow-brown color.

5.

Inactive or resting

Pre-vitellogenic oocytes with only traces of atresia. In
comparison to those of immature females, most oocytes are
> 80 µm, lamellae have some muscle and connective tissue
bundles; lamellae are larger and more elongated than those
of immature females and the ovarian wall is thicker.

(McDonough et al., 2005)
Table 20. Histological criteria used to determine reproductive sub-stage in stage 2 female
striped mullet.
Reproductive sub-stage Criteria
2-early

2-mid

2-late

Developing oocytes are generally greater than 120 µm and
smaller than 200 µm. Cortical alveoli are present but oocytes
are still mostly pre-vitellogenic.
Developing oocytes begin early stages of vitellogenesis
ranging in size from 200 µm to 400 µm. Heterogeneous size
structure of oocytes is common in this sub-stage. Nucleus is
still visible.
Developing oocytes are all consistent in size and are in the
late stages of vitellogenesis. At this sub-stage, oocytes are all
at least 400 µm or larger in size, and nuclear migration to the
pole has occurred.
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Figure 33. Histological representations of sub-stages A) 2-early, B) 2-mid, C) 2-late used
to determine reproductive sub-stage within stage 2 for all female striped mullet (n = 128).
Magnification is 100X for all images. Scale bars represent 100 µm.
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5.2.5. Fecundity
Fecundity determinations were made for 42 mullet in the 2-late sub-stage of oocyte
development (Table 20). The 400 µm threshold has previously been established as the
benchmark at which oocytes to be spawned were identifiable (Shehadeh et al., 1973).
Striped mullet are isochronal spawners, so all developing oocytes would be spawned in a
single event (McDonough, 2003). Fecundity was estimated using a modified gravimetric
method as published by McDonough et al. (McDonough, 2003).
The fixed right gonad lobe was patted dry and re-weighed. The ovarian lobe was
sampled three times creating three sub-samples for each mullet in the study: one at the
posterior, one in the middle, and one at the anterior portion of the gonad. Three sub-samples
were taken to account for any differential oocyte density throughout the ovarian lobe
(McDonough et al., 2003). These sub-samples were preserved in 70 % isopropanol until
oocyte counts could be conducted. Sub-sample weights ranged from 0.011 g to 0.031 g.
The sub-samples from each specimen were then teased apart, spread along a Bogorov tray,
and counted using a dissecting microscope at 10X magnification. Each sub-sample was
counted twice and averaged. If counts varied greater than 10 %, a third count was
performed. Oocyte density was calculated by dividing the mean number of oocytes by the
mean weight of all three sub-samples for each mullet. The oocyte density was then used to
calculate the total oocyte number for each ovary through expansion estimates using the
whole gonad weight to produce a measure of fecundity.
5.2.6. Aging
Age was determined using the sagittal otoliths. After being embedded in epoxy resin, a 0.5mm traverse section was cut with a low speed saw with diamond wafering blades. The thin
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section of the otolith was viewed at 20Χ magnification. The number of annular rings present
were recorded as a proxy for age.
5.2.7. Statistics
Statistical analyses were performed using IBM SPSS Statistics 22 (Armonk, NY: IBM
Corp.) and SAS (Cary, NC). Parametric tests were used when data was normally or lognormally distributed and non-parametric tests were employed when data was non-normal.
Statistical tests were performed for any PFAA that was detected in 75 % or more of samples
measured for a tissue type (muscle, liver, gonad). The remaining PFAA were excluded
from statistical analysis. For those PFAAs included in statistical analysis, compounds less
than the RL were set equal to half the RL prior to running the statistical tests (Keller et al.,
2005). Generalized linear regression models were created for investigations into the
relationship between PFAA and fecundity as well as stage and PFAAs. Significant covariates like fish weight and total length were included in the models while non-significant
covariates like age were excluded from final models. We fit interaction terms to explore
effect modification between PFAAs and fish length/weight.

5.3.

Results and discussion

5.3.1. Basic morphometrics
Female mullet collected at MINWR during October and December varied in total length
from 30.9 cm to 51.8 cm with a normal distribution and a mean of 42.1 cm total length.
Mullet collected in December (n = 45) were significantly longer than mullet collected in
October (n = 83) (p < 0.001) (Table 21, Figure 34). Sub-stages of collected mullet varied
greatly with mullet collected in October showing a wider range of sub-stages than mullet
collected in December (Figure 35). All mullet in sub-stage 2 late (n = 42) used for fecundity
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measurements were collected in December 2016. The age of collected mullet ranged from
1 to 6 years of age and did not differ significantly by month of collection (Mann Whitney
U, p =0.126) (Figure 36). As has been seen by McDonough and colleagues, total length
and fish weight were highly correlated for female Striped mullet (p < 0.001, r = 0.959, n =
128) (McDonough, 2003, 2005).
Table 21. Total length of female Striped mullet collected at MINWR in October and
December of 2016.

n
Median
Mean
Max
Min

October
83
40.0
40.4
51.4
30.9

December
45
45.8
45.2
51.8
37.4

All Mullet
128
42.0
42.1
51.8
30.9

Figure 34. Total length of Striped mullet collected at MINWR in October and December
of 2016.
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Figure 35. Sub-stages of Striped mullet collected at MINWR in October and December
of 2016.

Figure 36. Age of Striped mullet collected at MINWR in October and December of
2016.
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Figure 37. Fish weight and total length of Striped mullet collected at MINWR (Pearson's
correlation: p < 0.001, r = 0.959, n = 128).
5.3.2. PFAA detection
Nine of the 15 PFAAs investigated were detected regularly (> 75 % of the time) in the
mullet livers (n = 128), and they are as follows (in order of abundance): PFOS, PFHxS,
PFUnA, PFDA, PFNA, PFDoA, PFOA, PFOSA, and PFTriA (Table 22). PFTA was
detected in 46 % of the samples, and the remaining PFAAs investigated were below RL in
all liver samples. PFOS was regularly detected in mullet muscle (n = 49), while PFDA,
PFNA, PFHxS and PFUnA were detected infrequently in muscle samples (67 %, 61 %, 13
%, and 5 %, respectively). All remaining investigated PFAAs were below RL in muscle
samples. Five PFAAs were regularly detected in mullet gonad (ngonad = 10), and were as
follows (in order of abundance): PFOS, PFHxS, PFDA, PFUnA, and PFNA. In addition,
PFDoA was detected in 10 % of the gonad samples and the remaining PFAAs were below
the RL in gonad.
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Table 22. Perfluoroalkyl acid (PFAAs) concentrations (ng/g wet mass) in Striped mullet
at MINWR.
Organ
PFAA
% > RL
Liver
(n = 128) Median
Mean
Max
Min
% > RL
Median
Mean
Max
Min
Gonad
(n = 10)

% > RL
Median
Mean
Max
Min

Muscle
(n = 49)

% > RL
Median
Mean
Max
Min

PFOSA PFOS PFHxS PFOA PFNA
88
100
100
98
100
0.102
124
4.26
0.227
0.705
0.285
192
6.81
0.329
0.996
2.05
2770
113
1.82
4.11
<0.009
12.6
0.386 <0.010 0.120
PFDA PFUnA PFDoA PFTriA PFTA
100
95
93
100
46
2.07
1.98
0.385
0.217 <0.011
2.31
2.16
0.542
0.263 <0.011
8.86
10.3
4.81
1.26
0.237
0.087 <0.008 <0.009 0.019 <0.008
PFHxS PFOS PFNA PFDA PFUnA
90
100
100
100
90
1.25
80.2
0.476
0.642
0.941
1.32
90.0
0.518
0.809
0.891
2.66
202
0.994
2.06
1.93
<0.035
33.5
0.166
0.303 <0.040
PFOS PFNA PFDA
100
61
67
9.01
0.168
0.126
15.7
0.182
0.146
95.3
0.315
0.504
1.93
<0.124 <0.007

Values were calculated with half the Reporting Limit (RL) substituted for non-detects as
described in the methods section, but values shown as "<" a specified number describe the
actual RL.
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Figure 38. Median ng/g of PFOS (p <0.001), PFHxS (p <0.001), and PFDoA (p = 0.022)
in mullet liver by location of capture (Banana River liver: n = 108, Shuttle Landing Facility
liver: n = 20). Error bars represent 95% CI.
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5.3.3. PFAA correlations
Correlations between the various measured PFAAs within the mullet liver were
investigated (Table 22) to determine if similar PFAA trends were observed in mullet liver
compared to alligator plasma at MINWR. All significant correlations between the various
measured PFAAs were found to be positive. The highest correlation within the liver was
between PFUnA and PFDA (r = 0.883). Similar to 3.3.2. PFAA Correlations in Chapter 3,
where correlations between PFAAs in MINWR alligators were investigated, some of the
higher correlations in mullet liver were generally found between PFUnA, PFDA, PFDoA,
and PFOS. Other PFAAs, like PFOA and PFNA, are highly correlated in mullet liver as
well, similarly to the alligators at MINWR. This would suggest these correlation
similarities could be due to exposure from similar sources at or around MINWR or from
alligators consuming the mullet MINWR and taking on a similar burden profile.
In addition, PFAA correlations between tissues were investigated in this study.
PFOS was the only PFAA measured over RL in 75 % or more of the muscle samples, so
PFOS correlations between liver and muscle were examined. Liver to muscle PFOS
correlation was highly significant (p < 0.0001, r = 0.959, n = 49). Therefore, a measure of
PFOS in muscle tissue can predict PFOS in the liver tissue with high accuracy (95.9 %)
and vice versa. On average liver PFOS was 12 times higher than muscle PFOS.
Even though PFAAs were measured in only 10 gonads from the mullet sampled for
this study, correlations between liver and gonad PFAA were briefly investigated. Of the
five PFAAs measured regularly over RL in the gonads (Table 22), significant correlations
were found for PFNA (p = 0.011, r = 0.757, n = 10) and PFDA (p = 0.019, r = 0.721, n =
10). PFAA measurements in the remaining mullet gonads (n = 118) should be investigated
to improve our interpretation of correlations determined here, as a larger sample size may
reveal additional correlations that were missed due to small sample numbers (n = 10), or
may suggest that one or more observed correlations were spurious.
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Table 23
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5.3.4. PFAAs by location
Since mullet were captured from two distinct locations, the SLF and BR, differences in
PFAA burden by location of capture were investigated. First, levels in mullet liver by
location (SLF liver: n = 20, BR liver: n = 108) were investigated. Significant differences
between SLF and the BR were found for PFOS (p <0.001), PFHxS (p <0.001), and PFDoA
(p = 0.022) (Figure 38) with mullet in the SLF maintaining higher liver burdens than mullet
in the BR. On average, PFOS, PFHxS, and PFDoA are 4, 3.5 and 2 times higher in the SLF
livers than the BR livers, respectively. This is not an unexpected result because the SLF
site has held fire training events nearby using AFFFs in the past. In addition, AFFFs are a
mixture of PFAAs, most notably PFOS and PFHxS, and alligators captured in the SLF
have shown high levels of plasma PFOS (Bangma et al., 2017b).
PFAAs by location were also investigated in the muscle tissue of the collected
Striped mullet. Since higher levels of certain PFAAs were observed in livers from SLF
compared to BR, all 20 SLF collected mullet were included in the muscle analysis, and 29
randomly selected mullet were included from the BR. Muscle tends to maintain lower
levels of PFAAs than the liver in most vertebrates, and that was the case for the MINWR
mullet. Only PFOS, PFDA, and PFNA were measurable above RL in 50 % or more of the
muscle samples (n = 49) (Table 22), of those three, PFOS (p <0.001) was the only PFAA
to show a significant difference by location of capture (Figure 39).
The levels of PFOS in mullet muscle exhibit a wide range (median, 9.48 ng/g;
range, 1.93 ng/g – 95.3 ng/g). These values of PFOS in mullet muscle at MINWR are
higher than expected since mullet are low on the aquatic food web, and certain PFAAs like
PFOS are highest in top predators due to bioaccumulation up the food web (Houde et al.,
2006b; Muller et al., 2011a). The only other species investigated for PFOS at MINWR was
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the American alligator (Bangma et al., 2017a; Bangma et al., 2017b). However, the studies
investigating American alligator PFOS burden at MINWR only investigated plasma,
therefore are not directly comparable to the mullet muscle values obtained in this study.
Levels of PFOS in Striped mullet muscle from MINWR were compared to Fish
Consumption Screening Values (FCSV) developed for the Michigan Fish Consumption
Advisory Program for PFOS in September of 2016 (Figure 40, Table 23) (Michigan
Department of Health and Human Services, 2016). Michigan’s FCSV is one of the only
regulations on PFOS consumption in fish tissue in the United States and is the most recent
regulation released to the public. Michigan’s FCSV values are intended to be guidelines
for the general public in Michigan to delineate how often PFOS burdened fish should be
consumed. While no commercial harvesting occurs on MINWR grounds, mullet travel long
distances and are free to leave the BR into surrounding area where commercial fishing does
occur, so this study will compare MINWR muscle PFOS levels to Michigan’s FCSV
values. MINWR mullet muscle PFOS levels fall into a variety of the Michigan’s FCSV
categories ranging from 16 meals per month to once a month (Figure 40, Table 23). Mullet
collected from the SLF consistently fell into stricter consumption categories compared to
BR mullet. This follows logically with the significantly higher PFOS in SLF mullet muscle
compared to BR mullet muscle. For the most part, mullet inside the SLF cannot make it to
the BR except in the event of extreme flooding events which occur infrequently. No mullet
collected from either the SLF or BR at MINWR fell into the “Do Not Eat” category. One
interesting note, there is no ‘no limit’ category at the low end of PFOS muscle burden. The
FCSV states this is due to
“the still emerging information on health effects from PFOS exposure, and
background exposure to the general population, and potential health effects
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from exposure to multiple [perfluorinated substances].” (Michigan
Department of Health and Human Services, 2016)
Like mullet muscle, female mullet gonads, also known as mullet roe, are consumed
by humans. Therefore, humans with possible exposure to PFAAs through roe consumption
should be made aware, especially since mullet gonad contains higher levels of PFOS than
mullet muscle (Table 19). No consumption advisories have been created for mullet roe due
to the lack of knowledge on prevalence and portion size of mullet roe consumption. Since
a roe consumption advisory does not exist, this study compared roe PFOS levels for the 10
gonads measured in this study to the Michigan FCSV for fish muscle. The comparison
revealed that even among the 10 mullet gonad measured from BR in this study, one fell
into the category six meals per year (Figure 41). This would indicate that even mullet
collected from the BR, have levels of PFAA in their roe that is a concern when it comes to
consumption. No significant correlation between PFOS in the gonad and PFOS in the liver
were found, therefore, in order to estimate the levels of PFOS in the remaining collected
mullet roe, further chemical extraction and analysis of mullet gonad from BR and SLF is
required.
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Figure 39. Median logPFOS (ng/g) in mullet muscle by capture location (p < 0.001).
Error bars represent 95% CI.
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Figure 40. Individual mullet muscle PFOS levels compared to total length of fish from
the Banana River (BR) and the Shuttle Landing Facility (SLF). Fish Consumption
Screening Values (FCSV) developed for the Michigan Fish Consumption Advisory
Program (September 2016) are indicated (Michigan Department of Health and Human
Services, 2016).
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Figure 41. Individual Banana River mullet gonad PFOS levels (n = 10) compared to total
length of fish. Fish Consumption Screening Values (FCSV) developed for the Michigan
Fish Consumption Advisory Program (September 2016) are indicated by red dashed lines
(Michigan Department of Health and Human Services, 2016).
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Table 24. Fish Consumption Screening Values (FCSV) as defined by the State of Michigan
in September of 2016 (Michigan Department of Health and Human Services, 2016) and
number and percent of striped mullet that fall within each consumption class for all
measured mullet muscle, SLF muscle, and BR muscle.
Mullet (n = 49)
Muscle PFOS
(ng/g)
<9
> 9 to 13
> 13 to 19
> 19 to 38
> 38 to 75
> 75 to 150
> 150 to 300
> 300

Meals per month
16
12
8
4
2
1
6 meals per year
Do not eat

n
24
8
4
9
3
+1
0
0

%
49
16
8
18
6
2
0
0

SLF (n = 20)
n
3
3
1
6
3
1
0
0

%
15
15
5
30
15
5
0
0

BR (n = 29)
n
21
5
3
3
0
0
0
0

%
72
17
10
10
0
0
0
0

5.3.5. PFAAs and fecundity
Of the 128 sampled female striped mullet, 42 collected in December had eggs in sub-stage
2 late that were included in the fecundity assessment A generalized linear model for
fecundity was created for each liver PFAA investigated (detected in over RL in >75 % of
samples). Each model included total length and fish weight which were significant
covariates and excluded all other non-significant covariates such as age. While both fish
weight and total length were significant, fish weight was more highly significant compared
to total length in the model. No significant interaction was found between liver PFAAs and
total length, and liver PFAAs and fish weight with one exception: PFHxS and fish weight
(p = 0.0373). However, since PFHxS showed no significant differences in fecundity and
PFAAs, the interaction term for PFHxS and fish weight did not change the interpretation
of the significant results.
Out of the nine liver PFAAs, PFNA, PFDA, and PFUnA were significantly related
to fecundity with increasing liver PFAA leading to increasing number of eggs (Table 25).
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None of the significant results found significant interaction terms (PFHxS was the only
significant interaction term but was non-significant relationship between PFAAs and
fecundity). In addition, PFUnA, PFDoA, PFTriA, and PFOSA all trended (0.05 < p < 0.10)
to a similar pattern as PFNA, PFDA, and PFUnA with increasing PFAAs and increasing
total eggs. These results highlight that carboxylic acids ranging from nine to 11 carbons
show a stronger relationship with fecundity than the longer carboxylic acids with greater
than 12 carbons. While no sulfonic acid showed significance, PFOSA, a precursor to PFOS,
trended towards significance.
The results suggest that increasing PFAA is related to increasing number of eggs in
this study because mullet with higher total length and greater fish weight would consume
more food than smaller mullet. The consumption of more food would lead to both an
increase in energy for production of more total eggs (fecundity) and an increase in the
consumption (and accumulation) of PFAAs via diet. Therefore we believe that an increase
in PFAAs with increasing eggs is not directly related where one is causative to another, but
rather, both are affected by the mullet’s diet. While that is the case in this study, future
aqua culture studies that control for diet fluctuations and dose at various levels of PFAAs
may still reveal subtle links between PFAAs and fecundity in teleosts.
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Table 25. Results of a generalized linear regression model for fecundity and PFAAs.
p-values shown above represent a significant or non-significant change in total eggs
(fecundity) with changing PFAA concentration (ng/g). Parameter Estimate represent the
change in total eggs with 1 ng/g increase in PFAA concentration in mullet liver. Interaction
terms determine if changing fish weight or total length change the relationship with
fecundity.
PFAA & fish
weight
Parameter
Standard
interaction
PFAA
p-value
Estimate
Error
p-value
0.8946
PFOA
0.136
109305
71698
0.3334
PFNA
0.025
87668
37567
0.1571
PFDA
0.033
53386
24083
0.9275
PFUnA
0.030
37765
16720
0.6386
PFDoA
0.067
61178
32382
0.9823
PFTriA
0.081
183035
102140
0.1004
PFOSA
0.066
290466
153405
PFHxS
0.875
-2151
13564
0.0373
0.1048
PFOS
0.317
534
527
Red indicates p ≤ 0.05 while green indicates 0.05 < p ≤ 0.10

PFAA & total
length
interaction
p-value
0.8445
0.7501
0.8315
0.7264
0.1197
0.6856
0.4652
0.3745
0.9450

5.3.6. Sub-stage and PFAAs
All 128 female mullet collected for this study were staged for oocyte development and a
model created to assess the relationship between sub-stage and liver PFAAs. Again, a
generalized linear regression model was created and included significant covariates total
length and fish weight while excluding all other non-significant covariates such as age.
Sub-stages were investigated in this model due to the wide variety of developing oocytes
sizes and vitellogenic stages found in stage 2. The progression of the histological changes
within stage 2 are important to distinguish between because they correspond to
physiological changes that might impact or be related to changes in PFAA levels. For this
model, sub-stages were defined as an ordered variable. Since the mullet collected in this
study were all of reproductively active age (no stage 1), stage 5 (resting) was considered a
resting state prior to the 2016 spawning season, followed by stage 2 developing stages
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(early, mid, and late), stage 3, and finally progressing to stage 4 (atresia). Stages 3 and 4
were excluded from statistical analysis due to sampling sizes of 0 and 2, respectively.
Significant differences between sub-stages of oocyte development and liver PFAAs
were discovered for PFOA, PFNA, PFTriA, PFOSA, and PFOS (Table 26). PFDoA also
trended towards significance (p = 0.0655). The Parameter Estimate varies depending on
the PFAA and seems to change depending on whether the PFAA is a carboxylic or sulfonic
acid. Of the PFAAs with significant changes by sub-stage, the carboxylic acids (PFOA,
PFNA, and PFTRiA) increase in the liver with increasing sub-stage of oocyte development
while the sulfonic acid and its precursor (PFOS and PFOSA, respectively) decrease in the
liver with increasing stage of oocyte development. The liver is key in vitellogenesis for
oocyte development in teleosts, and these differences in PFAAs by sub-stage may reflect
physiological changes in protein abundance in the liver and/or locations in various organs
that show affinities for carboxylic acids and sulfonic acids.
Table 26. Results of a generalized linear regression model for sub-stage and PFAAs.
p-values shown above represent a significant or non-significant change in PFAAs with
progressing egg development (sub-stage). Parameter Estimate represents the change in
PFAA with a one unit increase in sub-stage development. Refer to Figure 26 for interaction
terms parameter estimates.
Sub-stage
Sub-stage & total
& PFAA
Parameter
length interaction
PFAA
p-value
Estimate
p-value
PFOA
0.0064
0.08237
0.0335
PFNA
0.0453
0.12196
0.0001
PFDA
0.491
-0.11155
0.5184
PFUnA
0.8563
0.02846
0.9416
PFDoA
0.0655
0.11047
0.0812
PFTriA
0.0496
0.03935
0.0290
PFOSA
0.0009
-0.12658
0.0002
PFOS
0.0387
-56.7088
0.2322
PFHxS
0.1452
-1.59623
0.1468
Red indicates p ≤ 0.05 while green indicates 0.05 ≤ p ≤ 0.10
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Sub-stage &
fish weight interaction
p-value
0.0193
0.0001
0.3024
0.9492
0.0716
0.0330
0.0001
0.252
0.2028

Interaction terms were assessed for this model, and a number of significant
interactions were found between sub-stage and fish weight, as well as for sub-stage and
total length (Table 26, Table 27). A significant interaction value in this model indicates
that the effect of sub-stage changes with changing fish total length (or changes with
changing fish weight). If the interaction parameter estimate is positive, then among fish
with longer length, PFAA level had a stronger relationship with sub-stage compared to
shorter fish, in whom there was a weaker relationship between PFAA and sub-stage. If the
parameter estimate is negative, then among fish with longer length, PFAA level had a
weaker relationship with sub-stage compared to shorter fish in whom there was a stronger
relationship between PFAA and sub-stage (Table 27).
The interaction terms investigated here are likely due to the time of year the mullet
were sampled. For example, all mullet from this study were sampled in late October and
early December. This would place sampling for this study during the early portion of the
mullet spawning season which runs from October through April (McDonough, 2003).
During the spawning season, larger mullet tend to have more energy reserves and,
therefore, develop oocytes earlier than smaller mullet. Therefore, this study consisted of a
variety of sized female mullet where the larger mullet were ahead in sub-stages of oocyte
development compared to the smaller mullet due to the time of sampling. It is possible the
interaction terms seen in this model would no longer be significant if mullet sampling
events were taken at multiple time points that spanned the entire spawning season and not
just the early spawning season.
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Table 27. Interaction term p-values between sub-stage and fish weight as well as sub-stage
and total length (See Table 26) paired with parameter estimates for generalized linear
regression model created to assess the relationship between sub-stage and liver PFAAs. If
the interaction parameter estimate is positive, then among fish with longer length, PFAA
level had a stronger relationship with sub-stage compared to shorter fish, in whom there
was a weaker relationship between PFAA and sub-stage. If the parameter estimate is
negative, then among fish with longer length, PFAA level had a weaker relationship with
sub-stage compared to shorter fish in whom there was a stronger relationship between
PFAA and sub-stage.
Sub-stage & total
length interaction
PFAA
p-value
PFOA
0.0335
PFNA
0.0001
PFDA
0.5184
PFUnA
0.9416
PFDoA
0.0812
PFTriA
0.029
PFOSA
0.0002
PFOS
0.2322
PFHxS
0.1468
Red indicates p ≤ 0.05

Parameter
Estimate
0.0113
0.0563
0.0168
0.0021
-0.0199
0.0078
-0.0238
5.818
0.283

Sub-stage &
fish weight
interaction
p-value
0.0193
0.0001
0.3024
0.9492
0.0716
0.033
0.0001
0.252
0.2028

Parameter
Estimate
-49.1738
0.001
0.0004
0.0000
-0.0003
0.0001
-0.0004
0.0933
0.0042

5.4. Conclusions
This study revealed higher than expected muscle and gonad levels of PFOS in Striped
mullet collected at MINWR. While no PFOS levels measured in tissue fell within the
Michigan FCSV “Do not eat” category for the consumption of fish muscle containing
PFOS, many of the muscle and gonad (known as mullet roe) samples did fall within
restriction levels ranging from between “16 meals a month” to only “1 meals a month.”
Fish from the higher restriction categories came from the SLF sampling area and are highly
unlikely to reach commercial fisheries due to entrapment in the SLF compound.
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This study also reveals changes in PFAAs in the liver (a key organ in vitellogenesis)
as mullet progress through different sub-stages of oocyte development. Of the PFAAs with
significant changes by sub-stage, the carboxylic acids (PFOA, PFNA, and PFTRiA)
increase in the liver with increasing sub-stage of oocyte development while the sulfonic
acid and its precursor (PFOS and PFOSA, respectively) decrease in the liver with
increasing stage of oocyte development. This is a unique observation as it is consistent with
the concept that distribution of PFAAs between oocyte compartments changes as mullet
progress toward spawning. This is likely due to changes in abundance and location of
various proteins that have affinity for various PFAAs.
In addition, counter to the hypothesis this study found an increase in PFAAs with
increasing eggs (fecundity), however, we do not conclude that increasing PFAAs is directly
related to increasing fecundity of the mullet. The mullets’ diet represents a confounder
variable in the study that cannot be removed without a more controlled experiment.
Therefore, no significant negative impacts of PFAA on wild-caught, mullet fecundity
endpoints were observed in this study. Future aqua culture studies that control for diet
fluctuations and dose at various levels of PFAAs may still reveal subtle links between
PFAAs and fecundity in teleosts.
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Chapter 6: Conclusions
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6.1. Overview of dissertation research
This dissertation addresses perfluoroalkyl acid (PFAA) profiles in American alligators,
Mozambique tilapia, and Striped mullet in relation to various parameters including sex,
season, disease (i.e. pansteatitis), and fecundity. This dissertation hypothesized that PFAA
are affected by sex, season, and health (pansteatitis), but conversely that PFAAs also affect
health (fecundity).
A described in chapter 2, all alligator samples in Florida and South Carolina (n =
125, years 2012 - 2015) contained at least six quantifiable PFAAs: PFOS, PFUnA, PFDA,
PFNA, and PFHxS. From investigating FL and SC, sex-based differences were seen in
PFOS, PFDA, PFUnA, and PFTriA with males possessing higher levels of those PFAAs
than females. In addition, PFAA hotspots were revealed in alligators (e.g., PFOS at Kiawah
and Merritt Island), and in chapter 3, upon focusing more in depth on the plasma burden in
alligators at Merritt Island (n = 229, years 2008 – 2009), nine quantifiable PFAAs were
regularly detected: PFOS, PFHxS, PFUnA, PFDA, PFNA, PFTriA, PFDoA, PFOA, and
PFTA. A different pattern of sex-based differences were observed at Merritt island due to
active (or previously active) point source containing PFOS, PFDA, PFUnA, and PFDoA.
This active exposure can mask more subtle sex-based differences like those observed in
alligators across FL and SC. At all sites, extremely low levels of PFOA were observed in
sampled alligators. This may be due to diet sources maintaining minimal PFOA levels or
high excretion rates.
These alligator sex-based differences are likely a result of hormonal differences,
such as testosterone, and/or protein abundance differences, such as OATs, between male
and female adult alligators. Male alligators maintained higher burdens than female
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alligators, similar to male rats and male fathead minnows maintaining a higher burden of
PFOA and other PFAAs than their female counterparts (Lee et al. 2010, Kudo et al. 2001).
This would suggest the elimination half-life of some of these PFAAs is possibly modulated
by testosterone in the American alligator amongst other possibilities not studied such as
metabolic phenotypes, and feeding differences.
Nine of the 15 PFAAs investigated were detected frequently across collected
Mozambique tilapia tissues from all specimens at Loskop Dam, South Africa: PFNA,
PFDA, PFDoA, PFTriA, PFHxS, PFOS, PFOA, PFOSA, PFUnA, and PFTA (as delineated
in Chapter 4). Plasma from specimens collected (in surveys in 2014 and 2016) contained
the highest burden of total PFAAs followed by liver, kidney, spleen, adipose, and muscle.
In contradiction of our hypothesis, statistical analyses revealed a significant difference (pvalue < 0.05) with higher PFAA levels occurring in tilapia considered healthy compared
to those affected by pansteatitis across all tissues tested. This is likely due to decreased
food consumption or altered protein abundance. Despite the results not supporting the
original hypothesis, the result still reveal that health status (i.e. inflammatory disease
pansteatitis) has the potential to significantly alter the level of PFAAs in tilapia tissues.
While Chapter 4 took us towards research in South Africa, instead of remaining
focused on the Southeastern US, it provided valuable insight into PFAAs levels and health
status effects on PFAA tissue levels that are applicable to wildlife research all over the
world including studies done in the Southeastern US. The idea that health status may alter
PFAA tissue burden should not be disregarded. This finding may also be something to take
note for human studies, especially in human PFAA plasma measurements when comparing

151

health compromised individuals to healthy individuals like those done in studies with a
cross-sectional design.
Chapter 5 focused back on MI wildlife, this time concentrating on Striped mullet
as a sentinel species for the American alligator. Results did not support our hypothesis that
increasing PFAAs would lead to decreased fecundity in striped mullet. However, the study
did reveal changes in PFAA profile in the liver as mullet progress through different substages of oocyte development. Of the PFAAs with significant changes by sub-stage, the
carboxylic acids (PFOA, PFNA, and PFTRiA) increased in the liver with increasing substage of oocyte development while the sulfonic acid and its precursor (PFOS and PFOSA,
respectively) decreased in the liver with increasing stage of oocyte development. This is a
unique finding and suggests PFAAs change location of compartmentalization as mullet
progress towards spawning. This is likely due to changes in abundance and location of
various proteins that have affinity for various PFAAs.
Studies on wild American alligators, Mozambique tilapia, and Striped mullet are
certainly non-traditional research models, but despite being conceptually challenging and
full of technical challenges, but such studies can offer a holistic view on ecosystem health
for both humans and wildlife compared to an in-depth mechanistic study completed in a
mouse model. There is merit in both types of research models as they both reveal important
information and often complement each other. While humans are certainly not alligators,
tilapia or mullet, as humans we share a lot in common with wildlife, and if the environment
is not healthy for the wildlife, it is unlikely to be healthy for humans.
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6.2. Future Experiments
As is common in research, answering one question raises several more. So, with the
completion of this dissertation, come numerous research questions viable for future
investigations. Future studies could expand upon distribution knowledge of PFASs found
in alligators in Chapter 2 by expanding the number of sites monitored throughout the
southeastern US in states with American alligator populations such as Alabama, Georgia,
Louisiana, and North Carolina. By expanding the number of sites, coastal versus inland
PFAAs differences can also be investigated. In addition, alligators sampled at MINWR
revealed higher levels of PFASs, so future studies could look at additional alligator and
wildlife populations located around other aeronautic and aviation sites. With the
knowledge of the distribution of historic PFASs, future studies should investigate the
distribution of more novel PFASs that are less well studied and understood compared to
historic PFASs such as PFOS and PFOA.
Sex-based differences observed in Chapters 2 and 3 in wild, adult American
alligators suggest elimination rates of PFASs from American alligators are reliant upon
expression of sex hormones much like what has been observed in fathead minnow
(Pimephales promelas) and rats (Lee et al. 2010, Kudo et al. 2001). A future experiment
dosing captive adult female alligators with testosterone and PFASs could confirm or deny
the similarities of PFASs excretion rates dependence on sex hormone between alligator
and other species. Controls would include PFASs treated male alligators and PFASs treated
females not dosed with testosterone. If collaboration with an alligator farm or other ways
of working with adult alligators are not feasible, juveniles treated with sex hormones are
an alternative method to investigate the roles of sex hormone in alligator PFASs

153

elimination rates. Since American alligators have low levels of PFOA, the above proposed
dosing study, while including several historic and novel PFASs, should also include PFOA
to determine if the low levels of PFOA found in American alligators in the southeastern
US are due to efficient excretion rates or possibly due to diet (consumption of prey species
that have low levels of PFOA).
The focus of Chapter 4 on health and its effects on PFASs levels and distribution
in the body reveal many questions, and since the question of how disease is affecting
PFASs distribution is likely to change with species and disease in question, future
suggested studied mentioned here will refer specially to pansteatitis-affected Mozambique
tilapia.
Since albumin differences were observed between healthy and pansteatitis-affected
tilapia, binding studies of PFASs to isolated tilapia albumin could be conducted. Short term
aquaculture studies of captured tilapia from Loskop Dam can help elucidate if diseased
tilapia consume less food than healthy counterparts. Another short term aqua culture study
of captured tilapia from Loskop Dam involving dosing the captured tilapia with PFASs,
can also answer the question if diseased tilapia excrete more PFASs than their healthy
counterparts.
In Chapter 5, our hypothesized reduced fecundity was not observed in wild striped
mullets, possibly because since the striped mullets’ diet may represent a confounder
variable in the study that cannot be removed without a more controlled experiment.
Therefore, future aquaculture studies that control for diet fluctuations and dose at various
levels of PFAAs would be helpful to clarify this question and may still reveal subtle links
between PFAAs and fecundity in teleosts. Chapter 5 also revealed that certain PFASs
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change in abundance in the liver as Striped mullet progress through stages of spawning.
Future studies could build upon this knowledge and measure liver protein levels to
determine which proteins change by stage and sub-stage. Then protein affinity studies
could be undertaken to see which of these proteins the PFCA and PFSAs are associating
with during oocyte development.
In truth, there are endless possible future experiments that would build upon the
knowledge presented in the preceding chapters of this dissertation. Proposed future studies
are the logical next steps in the never-ending search for scientific knowledge and will likely
raise questions of their own upon completion. With that being said, I conclude my written
dissertation and prepare to take my next steps in the scientific community to further the
understanding of the world around us.
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Disclaimer - Certain commercial equipment or instruments are identified in the paper to
specify adequately the experimental procedures. Such identification does not imply
recommendations or endorsement by the NIST nor does it imply that the equipment or
instruments are the best available for the purpose.
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